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ABSTRACT

Evidence concerning the involvement of metabolic rate, prooxidants and
antioxidants in processes of aging and development of animals is examined.
Life span of poikilotherms and homeotherms is apparently dependent on a
genetically-determined metabolic potential (i.e., total amount of energy
expended during life per unit weight) and the rate of metabolic expenditure.
Metabolic potential may vary in different species and under different
envirormental conditions. The relationship between metabolic potential,
metabolic rate and duration of life is most demonstrable in organisms with a
variable basal metabolic rate, such as poikilotherms and mammalian
hibernators. Experimental regimes which reduce metabolic rate prolong life
span and tend to retard the rate of age-related physiological and
biochemical changes and vice versa. Effects of metabolic rate on aging may
be mediated by oxygen free radicals. Antioxidant defenses tend to decline
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during aging, whereas, free radical induced damage seems to increase with
age. Intracellular enviromment becomes progressively less reducing during
the course of development and aging. We have postulated that such a shift
in redox potential may play a role in the modulation of gene activity during
development and aging.
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INTRODUCTION
The life cycle of all multicellular organisms can be divided into two

rather incongruocus phases. The initial phase, starting with the union of
gametes, involves processes of cellular differentiation and growth, leading
to the achievement of sexual maturity and reproductive activity. In the
next phase, organisms undergo a progressive and irreversible decline in
physiological efficiency, whereby, their vulnerability to death increases
logarithmically with the passage of time. Death occurs when the ability of
the organism to maintain homeostasis is exceeded by the severity of the
destabilizing challenges of the envirorment.

Cellular differentiation involves a sequential repression and
derepression of specific genes, which leads to a phenotypic transition of
the cell. Aging has been viewed as either a continuation or a deterioration
of the differentiated state. In the former view, aging results from a
genetically programmed repression of specific genes or a derepression of
"geronto" genes, whose products induce cellular deterioration.1 Although
this is an appealing concept, to date, no specific product of such aging
genes has been detected. Alternatively, epigenetic theories view aging to
result from the inadequacy of protective and reparative mechanisms. In the
latter view, the functional decline of differentiated cells in the
postreproductive phase of life is due to the accumulation of unrepaired
damage, which leads to a gradual loss of genic control.2 Cutler 3.4 has
postulated that aging is due to a generalized deterioration of gene
regulatory functions - a phenamenon he termed "dysdifferentiation".

The nature of the factors that induce cellular differentiation and
that are responsible for the functional decline of differentiated cells
during the aging process is presently not well understood. Nevertheless,
there is considerable evidence to suggest that oxidative metabolism plays an
important role in processes of development and aging. Whereas, the
influence of metabolic rate (rate of oxygen utilization) on the aging
process has been recognized since the beginning of this century, the
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possible involvement of oxygen metabolites in developmental processes has
only recently been suspected. A well coordinated series of changes occur
during cellular differentiation and aging that seem to involve oxygen free
radicals and cellular antioxidant defenses. In this review, we examine the
evidence implicating the role of oxidative metabolism in processes of aging
and development. A unified hypothesis which proposes that oxygen free
radical mediated events are involved in aging and differentiation is
presented.

Although aging occurs after the completion of the process of
development, the relationship between oxidative metabolism and aging shall
be examined first because the bulk of the available information deals with
this phenomenon. The choice of this sequence may indeed be helpful in
providing a rationale for the critical evaluation of the studies inplicating
oxidative processes in development.

I. THE RATE OF LIVING THEORY

The concept that basal metabolic rate of organisms is a determinant of
longevity was first introduced by Rubner in 1908.5 He noted that the total
amount of energy metabolised per gram body weight, from maturity to death,
in five different mammalian species (horse, cow, dog, cat and guinea pig)
was relatively similar, ranging from 170-226 kcal, whereas, the life spans
of these animals exhibited up to five-fold differences. Rubner postulated
that living matter expends a discrete amount of biological energy during
life and the duration of life was determined by the time spent to transform
this enerqy.

The first experimental evidence supporting Rubner's postulate was
provided by Loeb and Northrop,6 who studied the effects of ambient
temperature on development and life span of Drosophila melanogaster.
Durations of larval, pupal and adult stages were found to be inversely
proportional to ambient temperature. For example, total duration of life
from egg to death was 177 days at 10° and only 21 days at 30°C. Life span
of the adult fly was 120 days at 10° and 14 days at 30°C. Between 15° to
25°C, where development was normal, the temperature coefficient for the
duration of developmental stages (i.e. larval and pupal) was identical to
that for the life span of the adult stage. This led the authors to define
aging in chemical terms. They postulated that duration of life is
determined by the production of an unknown substance leading to the aging
effect or by the destruction of substances which prevent aging.
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On the basis of further studies on the effects of ambient temperature

on development and life span of D, melapogaster and cantaloupe seedlings as
well as survivorship curves of starved populations of wild and mutant D.
nelanogaster, Pearl and coworkers’ > introduced the expression "rate of
living" and proposed the theory named after it. As originally stated, this
theory postulated that duration of life is a function of two variables:-l'8

1. The inherent vitality of the individual, which is genetically
determined, as was proposed by Rubner.5

2. The average rate of metabolism or rate of energy expenditure

8 "in general the duration of life varies

during life, or as stated by Pearl,
inversely as the rate of energy expenditure during life."™

The main implication of this theory was that if metabolic potentials
of a graup of organisms belonging to the same species were identical, life
spans would depend on the rate of metabolism. Studies on poikilotherms
(cold-blooded animals) and hibernating mammals have in general supported the
concept that metabolic rate and longevity of organisms, belonging to the
same species, are inversely correlated.m’ll More specifically, a decrease
in metabolic rate of poikilotherms has a life-lengthening effect. This
relationship is strikingly evident in the differential expression of the
trait "longevity" in poikilotherms and hameotherms. The characteristic
species-specific life span (e.g., 2 years for mouse and 100 years for man)
is a feature of homeotherms (warm-blooded animals) only, which have a stable
metabolic rate. In contrast, life spans of poikilothermic species are
highly variable under different environmental conditions, which influence
metabolic rate. For example, under wild conditions houseflies live about 3
weeks in the summer, but in the winter they retreat to dark areas, reduce
their muscular activity and remain alive for 6 months or longer.12
Similarly, sumer worker honey bees have a life span of about 35 days while
winter bees live up to 8 months.13 The effect of metabolic rate on life
span of social insects, where queens live for 10-15 years, was described by

Wheeler14 as follows:

"All the subsocial and social insects live in small cavities of the
s0il or wood, in hives or, in the more exceptional cases of social
waspe and certain tropical ants, in the cavities of carton nests. The
environment is, therefore, one which restricts or inhibits muscular
moverent and is dark, poor in oxygen, and of rather low and uniform
temperature. All of these conditions would necessarily favor a
lowered rate of metabolism and activity and an accumulation of fat in
the insect body. The queens, or mothers of insect societies certainly
inpress one as having acquired their physiological and sawe of their
morphological peculiarities as responses to just such an environment,
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for they are very sluggish and tend to lose the powers of flight
(Meliponinae) or even the wings (ants and termites) and to acquire an
accentuated anabolism as shown in the accumulation of fat and of yolk-
laden eggs. Certainly the life-span of the three castes of ants and
social bees would seem to be roughly proportional to their respective
expenditures of energy."

A, Testing the Rate of Living Theory
Studies testing the validity of the rate of living theory have

attempted to verify: 1) the existence of a fixed metabolic potential or
Rubner's constant, and 2) if life spans are inversely correlated with
metabolic rate.

Most of the experimental studies dealing with the relationship between
metabolic rate and life span have been performed in poikilotherms,
especially insects, using ambient temperature as a means to vary metabolic
rate.

(i) Ambient temperature and life span, In poikilotherms, ambient
temperature not only affects the basal metabolic rate, but, more
significantly, has a profound effect on the level of physical activity of
organisms. In general, within the viable range, poikilotherms are more
active physically at warmer temperatures. For example, using a radar-
Doppler device, to measure physical movement of houseflies at different
ambient temperatures, it was found that elevation in the ambient temperature
from 17° to 26°C induced a 15-fold increase in walking activity and a 10-

fold increase in flying activity of the flim.l5

In insects, flying exerts
extremely high metabolic demands, e.g., rate of oxygen consumption in
houseflies and blowflies increases 60 to 100-fold during flying as compared
to resting or walking stat:e.ls'17
A striking confirmation of both postulates of the rate of living
theory was provided by MacArthur and Baillie18 in the crustacean Daphnia
magna. They compared the life span and heart rate of male and female
Daphnia at different envirommental temperatures, ranging from 8° to 28°C.
The heart rate of males was about 20% faster than that of females.
Elevation of temperature from 8° to 28°C increased heart rate of males 412%
and shortened life span by 77%. Length of life multiplied by heart rate was
a constant (around 15,400,000 heart beats per life span), regardless of
temperature or gender. The authors inferred that organisms possess a fixed
sum of genetically-determined vitality and the length of life is condensed
or lengthened inversely with metabolic rate. They concluded that "it is not

time but tempo of life that best measures the rate of aging of an organism."
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Similarly, Smith-Sonneborn and Ree:d19 found that life span of paramecium
cultures grown at 24° or 27°C were significantly different; however, the
nunber of divisions observed in the two groups was identical.

Several investigators, employing tenperature to vary metabolic rate,
have confirmed the general validity of the rate of living theory. For
example, Miquel et al.20 found that life spans of D, melanogaster were
inversely related to ambient temperature and the average amount of oxygen
consumed by flies during life was relatively constant. Byzova21 reported
that total life-time oxygen consumed by the beetle Tenebrio molitor
(mealworm) at 20°, 25°, and 30°C was constant, whereas, life span decreased
2.5 times between 20° and 30°C. Effects of different ambient temperatures
on metabolic rate and life span of adult milkweed bugs and houseflies were
examined in this laboratory. In milkweed bugs, average longevity was 70%
and 200% longer at 18° than at 25° and 30°C, respectively; whereas,
metabolic potential was statistically similar at all 3 temperatures. A
similar relationship between ambient temperature, metabolic rate and life
span was cbserved in the houseflies. At 20°C, the average life span of
flies was 44% and 190% longer than at 25 and 30°C, respectively. However,
unlike milkweed bugs, metabolic potential tended to be higher at lower
temperatures (Fig. 1). BAnalyses of mortality of milkweed bugs and
hauseflies, using Gompertz plots, indicated that the slopes of Gompertz
plots were steeper and the intercepts were higher at warmer
tenperatures.ll’ 22 Sacher23 has inferred that slopes of Gompertz plots,
obtained by plotting the logarithms of age-specific death rates (calculated
as the ratio of the number of organisms dying during a given interval to the
number alive at the beginning of that interval) versus age, depict aging
rates, and the intercepts represent vulnerability to death from age-
independent causes. Thus, in milkweed bugs and houseflies, elevation in
ambient temperature increases both the aging rate and the vulnerability to

22

age-independent mortality. Increase in longevity at low temperatures has
also been noted in a variety of diverse organisms including annual fish,24
butterflie525 and nem.’:ltodes,26 lending credence to the rate of living
theory.

In an effort to provide a precise, mathgratical relationship between
temperature and chemical aging, Shaw and Bercaw27 reformulated the rate of
living theory, based on the assumption that longevity depended on the
exhaustion of a hypothetical longevity substance, as originally hypothesized
by Loeb and Northrop.® Shaw and Bercaw postulated that if Drosophila are
kept at a low temperature for a certain length of time and then transferred
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Fig 1. Effect of ambient temperature on average life span, metabolic rate
(0, consunption/mg/ml/hr) and metabolic potential (total O, consumed during
avarage life span) of male houseflies. Metabolic potentia.% was measured on
the basis of measurements of O, consumption at several different
ages. Metabolic rate was meéured J’ﬁflies kept in groups of 100 in one
cubic foot (0.027 cubic meter) cages.

to a higher temperature, their expectation of life (L,) is given by:
13

Lo
L3 = Ly + x(1 - —=)
Li

where I.l and L2 are life spans at lower and higher temperatures,
respectively. Using this equation, Clarke and Maynard Snit:h28 and Maynard
Smith 29 analysed the mortality of adult Drosophjla, transferred from a
lower to a higher temperature, and vice versa, at different ages. They
interpreted their results to suggest that only the latter portion or about
1/3 of life span, the "dying phase,"™ was actually inversely related to
temperature, whereas, the earlier 2/3 of the life span, the “aging phase,"
was independent of ambient temperature and also, implicitly, of metabolic
rate. This interpretation was called the "threshold theory”.

123



124 R.S. Sohal and R.G. Allen

Subsequent studies by Lamb-C in D. subobscura and Hollingsworthl in
D. melapogaster did not confirm the predictions of the threshold theory.
However, based on the equation derived by Shaw and Bercaw,27
results were not in complete agreement with the predictions of the rate of
living theory. The sources of the conflict between the threshold and rate
of living theories have been discussed in detail previouslylo’ll' 32734 g
will thus be mentioned here only briefly. Apparently, in studies employing
anbient temperature to modify metabolic rates, two questionable assumptions
have been made:

1. It was widely believed that ambient temperature is strictly
proportional to metabolic rate of insects at various temperatures and ages,
and after transfer from one temperature to another. There is a large body

sare of their

of literature indicating the existence of temperature-compensative abilities
in insects and other poikilother:ms.35’36 For example, at 20°C, oxygen
consumption of cockroaches was higher in those previously kept at 10°%C as

3 indicating that previous

compared to those previously maintained at 26°c,
thermal history of insects influences their subsequent metabolic rate.
Similarly, in the last trimester of life, oxygen consumption by milkweed
bugs kept at 25°C was higher than those kept at 30°C.22 Hence, the
assumption that metabolic rate of poikilotherms can be invariably equated
with ambient temperature is erroneous.

2. The assumption, made by Shaw and Bercav127 as well as others, that
constancy of metabolic potential of organisms at different temperatures is a
valid test for the veracity of the rate of living theory is untenable for
the following reasons. Many important in vjvo biological functions such as
menbrane permeability, rates of enzyme synthesis and degradation,
proportions of isozymes, and balance between metabolic pathways are

35 Furthermore, depending on species-specific

temperature-dependent.
preference, overall physiological efficiency of organisms varies at
different temperatures. It is therefore unreasonable to expect that
metabolic potential of organisms will remain unchanged at different ambient
temperatures. Obviously, metabolic potential would be lowered by suboptimal
conditions. For example, the total amount of oxygen consumption, until
average life span, was found to be 12-15% greater in houseflies maintained
at 18°C than at 25°C.3% since it cannot be reasonably established that
any two experimentally varied conditions are equally optimal for the
expression of the metabolic potential, it would seem that metabolic
potential of an organism remains a hypothetical amount of biclogical energy
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expended under a specific experimental condition. This amount would differ
under various envirommental conditions.

To summarize, studies dealing with the effects of temperature on life
span of poikilotherms have invariably confirmed the inverse relationship
between life span and ambient temperature. However, metabolic potential at
different temperatures may or may not be quantitatively similar. This fact,
however, should not detract from the main implication of the rate of living
theory, namely that metabolic rate and life span are inversely correlated.

{ii) Physjcal actjvity apd life span. To further explore the
relationship between metabolic rate and life span, and to avoid

conplications due to secondary effects of varied ambient temperatures, we
altered the metabolic rate of houseflies by manipulations of flying
activity. Since flying increases the metabolic rate of houseflies 60 to
100-£o1d,’
to alter the rate of oxygen consumption. Levels of physical activity of
houseflies were altered by a variety of methods, including variations in the
size of housing containers, population density and sex ratios, as well as
surgical removal of wings.32' 39,40 In general, it was found that
experimental regimes which decreased the level of physical activity tended
to increase the life span of flies, and vice versa. Average and maximum
life spans of male flies kept under conditions of low physical activity in
bottles (250 ml), where flying is not permitted, were about 2.5 times longer
than those kept under conditions of high physical activity, in one cubic
foot cages, where flying is possib1e39 (Fig. 2). Life spans of flies were
also prolonged by surgical removal of wings.40 Similarly, an increase in
the proportion of females in the population increased male life span due to

a reduction in their physical activity, in pursuit of sexually receptive
39,40

variations in flying activity provide a highly effective means

females .
To investigate whether individual differences in life spans of cohorts
are related to differences in the levels of spontanecus physical activity,
walking and flying activity of flies was monitored by radar-Doppler. Flies
which were more active in walking and flying tended to die earlier.‘m
Recently, Lints et al.41 reported the results of a study which they
interpreted to indicate that spontaneaus physical activity in D,
melanogaster is not correlated with life span. However, these authors
measured only the walking tendency of flies confined in a petri dish for
about 6 minutes on a single day in a fly's life. This and other flaws in
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42 do not permit validation

their experimental design, pointed out elsewhere,
of their claim.

To study the relationship between metabolic rate and life span, Trout
and Kaplan"‘3 enployed "shaker" mutants of D. melanogaster. These mutants
suffer from a neurological impairment. They are highly active physically
and have shorter life spans than the wild controls. Metabolic rate and life
spans of "shakers" were found to be inversely correlated, but the metabolic
potential of all groups was similar, around 6 ml oxygern/mg wet weight. The
authors inferred that metabolic rate, i.e., basal plus induced, is the major
variable determining longevity in Drosophila.

Life spans of worker honey bees are reportedly modulated by physical
activity related to foraging activity. Life span of bees is prolonged in
proportion to the period spent in relative inactivity in the hive.“‘4
Even in the non-flying insects, physical activity bhas been shown to affect
life span. For example, Kem45 reported that adult male silkmoths, which do
not fly or eat as adults, become very active physically, by frequent shaking
of the body, in response to stimulation by the female pheromones. Removal
of the antennae, which act as chemoreceptors, reduces the level of physical
activity and causes a significant prolongation in their life span.

(iii) Metabolic rate and life span in mammal. Because the basal
metabolic rate of mammals cannot be varied experimentally for prolonged
periods, mammalian studies have mainly dealt with the effects of exercise on
longevity, and with correlations between species life spans and basal
metabolic rates.

Contrary to Rubner's assumption, Cutler3 has reported three separate
categories of metabolic potential in mammals. Non-primate mammals expend
about 200-, non-human primates about 400-, and humans about 800~kcal/g body
weig_ht/life span. Within each of these categories, the basal metabolic rate
is apparently inversely related to species-specific life span, which
supports the rate of living theory.

Results of studies on the effects of physical activity on the aging
process of mammals are rather ambiguous. Several studies have shown that
voluntary exercise prolongs the life span of laboratory Jrodents;46 however
there is no report, to our knowledge, documenting the effects of various
levels of mild to strenuous chronic exercise on longevity. The age of the
organisms appears to modulate the effects of physical activity. Forced
exercise is beneficial to young organisms, but deleterious to older ones.
A serious limitation in the experimental design of existing mammalian
studies, dealing with physical activity and life span, is that comparisons
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Fig 2. Survivorship curves of houseflies kept under conditions of high
activity (HA ;100 flies/1 cubic-foot cage; 4 males: 1 female) and low
physical activity (LA ;one fly/250 ml glass bottle). (Adapted from 39).

of experimental animals are made with sedentary controls. Such studies only
demonstrate that lack of muscular activity under the highly confined
laboratory conditions is detrimental to animals. It should be borne in mind
that under natural conditions rodent species are highly active physically.
It is also well known that certain minimal levels of physical exercise are
essential for the prevention of tissue atrophy in mammals. It is entirely
possible that physical activity beyond this critical level is deleterious.
Decrease in the ambient temperature of mammals results in an increase
in the rate of oxygen consumption. Animals maintained at low temperatures
have been found to have significantly shorter life spans than controls
maintained at roam tanperature.48—50
Mammalian hibernators can be considered to constitute a physiological
1link between poikilotherms and homeotherms in their ability to maintain a
stable basal metabolic rate. Lyman et al.51 examined the relationship
between hibernation and longevity in Turkish hamsters that hibernated for 0
to 33% of their lives. Metabolic rate was lower in hibemators kept at 5%
than in controls maintained at 22°C. 1In general, life spans of hibemnators
were longer than non—hibernators. Furthermore, animals that hibernated
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longer also lived longer. Maximum life span was greater in hibernating than
in non-hibernating animals.

In summary, there appears to be strong evidence that in simpler model
systems, such as poikilotherms, longevity is inversely related to the level
of physical activity. Tenperature effects on life span in poikilotherms are
largely mediated by changes in physical activity. The relationship between
temperature, metabolic rate and longevity is more complex in mammals due to
homeothermy and the physiological necessity for physical activity to prevent
atrophy. Nevertheless, basal metabolic rate of mammals is inversely
correlated with species-specific life span, within phylogenetic groups
having similar metabolic potentials.3

I F F "ABO RAT] =~

It is reasonable to expect that factors purporting to affect the rate
of aging would retard or accelerate the biochemical and physiological
changes accompanying the aging process. Some of the most ubiquitous age-—
related changes, in widely divergent species, are the accumulations of
lipofuscin and thiobarituric acid (TBA)-reactants, and ingreased exhalation
of alkanes.52 As described below, the rate of these age-related changes is
influenced by metabolic rate of the organisms.

A, _Lipofuscin

Most cell types exhibit an age-related increase in the amount of
characteristic cytoplasmic structures, often referred to as "lipofuscin”.
Lipofuscin granules are membrane-bound lysosamal structures which contain
lipoidal moieties, exhibit yellow to brown coloration, emit yellow to
greenish autofluorescence under UV and accumulate with age.53 A closely
related structure, termed "ceroid", has similar characteristics but is
formed under pathological conditions traceable to a specific biochemical
>4 Lipofuscin has been the subject of several recent reviews
as well as a recent conpendium.s8 In the current thinking, lipofuscin is
believed to be formed by the involvement of two distinct processes, which
are: 1) autophagocytosis, and 2) peroxidation of lipids, followed by
copolymerization of lipids and proteins.57 Some of the fluorescent material

impairment. 53-
57

in lipofuscin granules is extractable in organic solvalts59 and exhibits
blue emittance.60 Although there is same disagreement concerning the
chemical nature of fluorophores, it is generally believed that oxygen—
derived free radicals play a major role in the formation of fluorescent

material.so’61 According to a widely accepted scheme developed by Tappel
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and coworkers (for references, see 60,61), the blue-emitting fluorescent
material in lipofuscin granules arises by the peroxidation of
polyunsaturated fatty acids. Lipid peroxides break down into a variety of
products including malondialdehyde and alkanes, e.g., ethane and pentane.
Malondialdehyde reacts with amine-containing molecules, such as proteins,
nucleic acids and certain phospholipids, to form Schiff-base compounds with
the structure: RN=CH-CH=CH=NHR. Tappel's inference that blue—emitting,
lipofuscin fluorophores are formed as an end-product of free radical-induced
lipid peroxidation, has provided a conceptual link between oxygen
consumption, free radicals, lipofuscin and aging. A highly attractive
feature of Tappel's hypothesis is that the chloroform-soluble fluorescent
material (SFM) provides a marker for studying the involvement of free
radicals and oxidative damage in the aging process. However, blue-emitting
fluorophores also exist in the extra~lipofuscin compartments within the
cell; therefore, the concentration of soluble fluorescent material and
volume of lipofuscin granules may not be proportionately related.62 For the
sake of clarity, the term "lipofuscin" will be applied here to the in situ,
morphologically~detectable, autofluorescent granules, and the term "soluble
fluorescent material "(SFM) will refer to the substances present in tissue
extracts.

The relationship between oxygen free radicals and formation of
lipofuscin was convincingly demonstrated by Thaw et al.63 in cultured glial
cells. The amount of lipofuscin was shown to increase in the presence of
FeC13/ascorbate in the medium as well as elevated ambient oxygen
concentration, and to decrease in the presence of antioxidants in the
medium. A variety of other studies (for references, see 56,64) have also
indicated a relationship between ceroid accumulation and antioxident
deficiency.

There is considerable evidence indicating that the rate of lipofuscin
accumulation is dependent on metabolic rate and the rate of aging. For
exanple, rate of lipofuscin accumulation in the hearts of dogs is
approximately 5.5 times faster than in humans, which roughly corresponds to
the difference in their life spans.%® Friede®® compared the distribution of
oxidative enzymes, such as succinate dehydrogenase and DPN-diaphorase, with
the relative amount of lipofuscin in 66 different loci in the aged human
brain. Nerve cells exhibiting relatively high oxidative enzyme activity
contained more lipofuscin than nerve cells characterized by relatively low
activity of oxidative enzymes. A fortuitous insight into the relationship
between functional activity, oxidative enzyme activity, and the amount of

129
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lipofuscin was provided by studies on two persons who had lost an eye.
Neurons of the lateral geniculate body, receiving terminals from the blind
eye, showed a marked decrease in DPN-digphorase activity and in the amount
of lipofuscin as compared to the neurons connected to the seeing eye.
According to the author, the presence of "wear and tear" pigment appeared to
be related to the functional "wear and tear" of a given region as reflected
by the intensity of oxidative enzymes. Dolman and Macleod5 4 have cited
several other examples of a relationship between functional activity of
cells and their lipofuscin levels. Postural muscles of humans have lesser
amounts of lipofuscin than muscles involved in movement.67 Paralyzed
ruscles of stroke victims have relatively little lipofuscin.67

The relationship between metabolic rate and lipofuscin accumulation
was experimentally demonstrated in this laboratory. Average as well as
maximum life spans of adult houseflies were prolonged approximately 2.5
times by elimination of flying activity. The rate of lipofuscin deposition,
measured in three different tissues by quantitative electron microscopy, was
faster in the short-lived, high activity flies as compared to the long-
lived, low activity fli$.68’69 However, the maximum level of lipofuscin
reached in the two groups was nearly equal. Increase in ambient temperature
and in oxygen tension also increases the rate of lipofuscin formation in
various tissues of D, m;gnma_stgp.m

Further experimental evidence indicating the relationship between
lipofuscin deposition and metabolic rate was provided by Papafrangos and
Lyxman71 in Turkish hamsters. As also mentioned above, Lyman et al.51 had
reported earlier that Turkish hamsters that spent part of their lives in the
depressed metabolic state of hibernation had 23% longer average life spans
than non~hibernators. A comparison of lipofuscin content in the brain and
the heart of hamsters indicated that animals which hibernated 11-23% of
their lives had a slower rate of lipofuscin accumilation than those which
hibernated only 0-7% of their lives. It was also found that the differemnces
between the hibernators and the non-hibernators became more marked with age,
especially in the heart. Although the rate of lipofuscin deposition was not
found to be directly proportional to alterations in life spans, the total
volume of lipofuscin reached at the end of life was similar in the two
groups. Thus, studies in both poikilotherms and hibernating mammals show
that lipofuscin deposition corresponds to alterations in metabolic rate and
life span. However, this relationship should not be interpreted to imply
that lipofuscin is causally related to aging. Rather, lipofuscin should be
considered a manifestation of cellular senescence.
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The concentration of fluorescent material (SFM) in chloroform-methanol
extracts of tissues exhibiting Schiff base-like fluorescent characteristics
has been shown to increase with age in a variety of organisms.57
Environmental conditions such as ambient temperature and physical activity,
which enhance metabolic rate, tend to increase the rate of SFM accumulation.
In milkweed bugs2 and fruitflies,ss’72 the rates of SFM accumulation have
been found to be faster at higher than at lower ambient temperatures. The
maximm levels were reached earlier in insects kept at higher temperatures.
A comparison of houseflies, kept under conditions of high and low levels of
physical activity, indicated that SFM accumulation was faster in the former
than in the latter group, but the maximal level reached was similar in the
two groups.73 Individual flies which exhibited a greater tendency for
spontaneaus flight activity (measured by radar-Doppler) tended to have a
shorter life span and contained more SFM than the relatively inactive, lazy
f.lies.74 Basson et al.75 have also reported that the rate of SFM
accumulation is faster in rats undergoing treadmill physical training than
in sedentary controls.

C. Thiobarbituric Acid-Reactant

One of the consequences of free radical interactions with cellular
structures can be the peroxidation of polyunsaturated lipids, which is
detectable by the evolution of alkanes such as ethane and n-pentane, from
the animal and by the production of TBA-reactive material.b1s 7 However,
Gutteridge77 has reported that in addition to lipid peroxidation, TBA-
reactants or malondialdehyde-like substances can arise from free radical
damage to other organic molecules, such as amino acids, DNA and
carbohydrates. In milkweed bugsz2 and houseflies,78 the concentration of
TBA-reactants increased with age at significantly faster rates in organisms
kept at relatively higher ambient temperatures. These results can be
interpreted to suggest that increased metabolic rate heightens the in vitro
susceptability of tissues to peroxidative changes, and may reflect in vivo
damage.

D, Alkane Production

Alkane exhalation has been proposed as a sensitive indicator of jin
vivo lipid peroxidation.’?*8® Ethane and p-pentane, which are scission
products of .-3 and -6 polyunsaturated fatty acids, respectively, have been
the most cammonly used indicators. An increase in alkane production has
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been reported in rats with age 1 and in response to vitamin E-deficiency.
Dillard et al.82 have reported an increase in the level of pentane
exhalation in humans during physical exertion. Studies in the housefly have
indicated that jn vivo n-pentane production increases 1.7-fold during the
average life span of the fly.83 The amount of n—pentane, generated by the
flies ip vivo, was 2.7 times greater at 28°C than at 20°C, which clearly
demonstrated that an increase in metabolic rate causes an increase in the in
vivo rate of lipid peroxidation. Furthermore, homogenates of houseflies,
aged at a higher temperature, exhibited a greater susceptibility to undergo
lipid peroxidation, as indicated by p-pentane production, in response to
tert-butyl hydroperoxide-induced oxidative stress than those aged at a lower
ambient temperature. Age-associated increases in the jn vivo evolution of
n-pentane and in response to tert-butyl hydroperoxide in vitro are
indicative of the increased vulnerability of flies to free radical-induced
damage as a function of age.

III, METABOLIC RATE AND FREE RADICAL GENERATION

Although the existence of a relationship between metabolic rate and
life span has been known for a long time, and, as also pointed out above,
originally formed the basis of the "rate of living" theory, the possible
mechanism underlying this relationship remained obscure until recently. A
link between oxygen utilization and generation of oxygen-centered free
radicals was first proposed by Gerschman et al.84 Later, Harman85 suggested
that free radical-induced damage may be the cause of gradual physiological
attrition underlying the aging process.

There is some evidence to indicate that enhanced metabolic rate
increases the intracellular concentration of free radicals, which in turn
increases the magnitude of lipid peroxidative and other damage to cellular
organelles., Davies et a1.86 have reported a 2- to 3-fold increase in free
radical (R*) concentration in homogenates of muscle and liver of rats
following submaximal exercise until exhaustion. A similar R® signal (g =
2.004) was detected in hamogenates fram vitamin E-deficient animals.
Mitochondrial respiratory control values were lower in exercise—exhausted
and vitamin-E deficient rats than in controls. State 4 (idling) respiration
was increased in exercised and vitamin E~deficient rats, while state 3 (ADP-
stimulated) respiration appeared to be unaffected, suggesting leakage of
protons from mitochondria. Concentrations of conjugated dienes and TBA~
reactants were greatly increased in both vitamin E~deficient and exercised
animals, indicating enhanced lipid peroxidation. Similarly, the exhalation
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of n-pentane is significantly higher at 28°C than at 20°C suggesting that
free radical production is greater under conditions of higher metabolic

rate. 83

1V, TESTING THE FREE RADJCAL, THEQORY

Although the hypothesis, that free radicals generated during cellular
metabolism are the main cause of cellular damage occurring during aging, was
advanced about three decades ago, and considerable knowledge about free
radical reactions has since accumulated, experimental studies testing this
hypothesis have been rather desultory. The main approach for the
investigation of free radical involvement in the aging process has been to
study the effects of exogenous antioxidants on life span of organisms.
Harman87'88 has cited the life-lengthening effects of antioxidant intake to
constitute experimental support for his hypothesis; however, results of a
variety of studies have not clearly supported this claim. For example, 2-
mercaptoethylamine hydrochloride and butylated hydroxytoluene were reported
by Haman87 to increase the average life span of mice; however, in a
reinvestigation Kohn89 reported that when survival of control mice was
optimal, the same antioxidants had no life-lengthening effect. Antioxidants
were found to lengthen the average life span of mice only when the life
spans of controls were below the optimal level. Furthermore, antioxidant
administration does not prolong the maximum life span, which is widely
believed to be the main indicator of the rate of aging of organisms.
Parenthetically, it may be added that the failure of antioxidants to extend
life span is not surprising even if free radicals were indeed the causal
agents in aging. It is not feasible to achieve sufficient intracellular
concentrations of antioxidants to counteract a significant proportion of
hydroxyl radicals generated in cells. However, more importantly, cells seem
to exert a honeostatic control over their antioxidant levels and, as
discussed below, administration of exogenous antioxidants causes a
conpensatory depression of endogenous antioxidant defenses.3'9 0

The free radical theory of aging has been frequently criticized,
justifiably, for lack of direct supportive evidence. Nevertheless, one can
also pose the question: Is it possible to provide unambiguous direct
evidence linking free radicals with the aging process, even if they were
actually involved with the aging process? In our opinion, it may be
practically inpossible to do so because of the requirements of direct proof
in science., It is presently unrealistic to establish a cause and effect
relationship between oxygen free radicals, present in extremely low
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concentrations in cells, and the aging process, which occurs very gradually
and has poorly defined markers, while excluding all other changes occurring
during aging.

A rational and productive investigative approach may be to test the
predictions of the free radical theory of aging. Within this scope, three
lines of inquiry have been followed: 1. Age-related changes occurring in
organisms suggesting free radical involvement. 2. Relationship between
life expectancy and antioxidant defenses or degree of free radical-induced
damage. 3. Experimental effects of prooxidants and antioxidants on aging.
Evidence concerning these aspects is discussed below.

A. Age-related Changes and Antioxidant Defenses

As described above, there is much evidence to suggest that free
radical reactions play a causal role in the formation of lipofuscin, TBA-
reactive substances and alkanes. In nmmlssl 83 alkane
production increases with age. In addition, in the hausefly, in vivo
concentrations of inorganic peroxides and GSSG increase with age,11 which

as well as insects,

suggests that tissues of older organisms are relatively more vulnerable to
free radical-induced damage. This may be the result of a decline in
antioxidant defenses and/or an increase in the rate of free radical
generation. It should be noted here that various components of the
antioxidant defense system often possess overlapping functions and may
undergo compensatory changes to maintain a stable balance.90

A comprehensive analysis of age-related changes in antioxidant
defenses of the housefly indicated that S(D activity decreased during the
last one third of life; catalase activity steadily declined with age and was
approximately half the level in the old flies as compared to the young.91
Glutathione (GSH) level sharply declined in older flies, whereas, the
concentration of chloroform-soluble antioxidants (vitamin E) greatly
decreased during the first part of life and remained relatively constant
thereafter. In toto, results of these studies indicated that enzymatic and
non—enzymatic defenses against free radicals and hydroperoxides in the adult
housefly tend to deteriorate with age (Fig. 3), whereas, levels of the
products of free radical reactions such as HZO s GSSG, TBA-reactants, p-—
pentane production and lipofuscin increase with age (Fig. 4).

Attempts to determine if age-related decline in antioxidant defenses
is a widespread phenomenon have produced varied results. Kellogg and
Fridovich92 measured total SOD activity in Sprague-Dawley rats at various
ages. A slight age—-dependent decrease was detected in the liver, but not in
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the brain. Conversely, Massie et al.93 reported a 36% decline in total SCD
activity in the brain of C57BL/6J mice between 50 and 900 days of age. In
the brain of male albino Wistar rats, Vanella et al.94 found that cytosolic
SO activity declined during the first 30 months of age, however,
mitochondrial SOD activity increased at a proportional rate so that the
total SOD activity remained relatively stable. Catalase activity has been
reported to decrease in aging m;@%,% and the housefly.91 GSH
content of various tissues of the mouse undergoes significant decrease in
the latter half of life.g’i’98 Activities of glutathione peroxidase,
glutathione reductase and glutathione S-transferase also decline in old
mice.98’99

To summarize, results of the studies cited above suggest that overall
antioxidant defenses tend to decline with age. However, with few
except:ions,91 no attempts have been made to obtain a camprehensive profile
of antioxidant protection of cells with age. It is imperative to obtain
such comprehensive information because of the compensatory interdependence
among various components of the antioxidant system. It is possible that
sane antioxidant defenses may remain at fairly high levels throughout life
to compensate for the age-related loss of other defenses.

The question whether or not the rate of free radical generation
increases with age in the rat was investigated by the graup of Nohl and
I*Iegner.mo-102 A comparison of 3- and 23-month old rats indicated that
generation of the superoxide radical and H20 ¢ in both intact mitochondria
and mitochondrial fragments from the heart, was higher in older rats. The
concentration of dienes, aldehydes and ketones was also higher in old rats.
The ratio of unsaturated to saturated fatty acids in the inner mitochondrial
membrane decreased with age. Using glutamate, malate, 3-hydroxybutyrate and
succinate as substrates, it was found that respiratory activity, respiratory
control values and P:0 ratios of mitochondria were lower in old rats. The
authors inferred that free radical generation in mitochondria increases with
age and can contribute, via lipid peroxidation, to changes in lipid-

dependent enzyme systems.

] Antioxid i Life E
Cut.’Ler3 has made camparative studies of life span potential (LSP; age
of oldest survivor), life span energy potential (LEP; metabolic potential)
and antioxidant capacity in various mammalian species. While these species
exhibited up to 30-fold differences in the LSP, only 3 distinct classes of
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Fig 3. Age-related changes in antioxidant defenses in the male housefly.91
SOD, superoxide dismutase; GSH (reduced glutathione). (Reproduced from 11).
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Fig 4. Age—associated changes in the concentration of various products of
free radical reactions in male housefly. TBA-reactants, GSSG (oxidized
glutathione), SFM (chloroform-soluble fluorescent material presumably
derived from lipofuscin), and inorganic peroﬁdes (primarily H.,0.,) were
measured in wholesgody hamogenates of flies. n-Pentane pr ion was
measured in vivo. (Reproduced from 11).
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LEP were evident. It was hypothesized that rate of oxygen utilization was
related to aging, and animals with higher LEP values were more resistant to
the deleterious effects of oxygen utilization due to the presence of higher
concentrations of antioxidants in relation to their metabolic rate.
Antioxidants such as S(.D,103 uric acid,104 carotenoids and tocopherol were
found to be positively correlated with LEP while ascorbate, glutathione,
glutathione peroxidase and S-transferases were negatively correlated with
I.E.'P.3 Brain homogenates of organisms with a high LEP were found to be more
resistant to autoxidation (determined with TBA) than homogenates of
organisms with a low LE:P.3 Serum levels of TBA-reactants were inversely
correlated with LEP.3 Results of these studies suggested that certain
antioxidant defenses are correlated with LSP and LEP values in mammals.

Recently, we examined the relationship between antioxidant defenses
and life expectancy in the housefly (unpublished). All flies lose flight
ability prior to death, hence, on the basis of presence or absence of flight
activity, flies destined to die earlier can be separated from their longer
lived cohorts of the same age. Flies with a shorter life expectancy
contained significantly lower levels of SOD activity, catalase activity and
glutathione, and higher concentrations of inorganic peroxides and TBA-
reactants as conpared to flies with longer life expectancy.

Studies by Munkres105 on conidial longevity of Neurospora grassa
indicate that longevity of various mutants is positively correlated with
antioxidant enzymes SOD, catalase, and peroxidases.

ti €es joxidants

Most of the evidence concerning the cellular effects of oxidative
stress has been derived from in vitro studies. Such studies have yielded a
wealth of theoretical information; however, the effects of chronic exposure
to oxidative stress, which would be relevant to aging studies, are difficult
to study due to: 1) narrow limits of tolerance by living organisms, and 2)
homeostatic compensatory controls.,

A camprehensive examination of the effects of experimentally-induced
oxidative stress, employing a variety of approaches, was conducted in the
housefly in this laboratory. Putative changes in the level of free radicals
were induced by the administration of free radical generators or by the
inhibition of endogenous free radical defenses. Diamide106 (an -SH oxidant)
and px'zlraqu::n:107 (a herbicide believed to generate O2 ) were used to enhance
the production of free radicals. Diethyldithiocarbamate (DbC)1% (an
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inhibitor of SD), 3-amino-1,2,4-triazole (3-AT)1° (a specific inhibitor of
catalase), and I:—buthionine-SR—sulfoximine110 (an inhibitor of glutathione
synthesis) were employed to depress endogenous cellular antioxidant defenses
against free radicals. Iron was administered to catalyze the interaction
between O2 and H202 and the decomposition of lipid peroxide.lll In
addition, antioxidants such as ascorbate, B-carotene and a-tocopherol were
administered to the flies in order to reduce the putative levels of free
radical.9 0 Endogenous levels of glutathione were increased by the
administration of L-2-oxothiazolidine-4-carboxylate. 10

Results of these studies are summarized in Table 1. In general, these
studies indicated that oxidative stress induces a compensatory decrease in
metabolic rate and an increase in GSH concentration, while exogenous
antioxidants depress one or more components of the endogenous antioxidant
defense system. Although diamide and 3-AT did not alter average life span,
the metabolic potential of the flies, which is an indicator of total
vitality, was decreased. DDC slightly increased life span but did not
affect metabolic potential. However, DDC is also an effective antioxidant
due to its metal-binding properties. Other treatments decreased life span
and metabolic potential

Administration of exogenous antioxidants did not increase the life
span of flis.91 Results of numerous other studies, which have employed
antioxidant administration as a means to test the free radical theory of
aging (reviewed by Balin,’12 and cutier'3), have also indicated that
exogenous antioxidants are ineffective in prolongation of the maximum life
span of organisms. Relatively high intake of ascorbate and a-tocopherol was
in fact toxic to the flies. Exogenous antioxidants had a compensatory
effect on endogenous antioxidants. For example, administration of
ascorbate, which has an overlapping function with glutathione and SOD was
found to depress cellular levels of both. o~Tocopherol and f—carotene
tended to depress SOD act:ivit:y.91

Administration of a relatively low concentration of the above
prooxidants (except iron) or antioxidants to the housefly did not affect the
rates of age-associated changes such as accumulation of SFM and TBA-reactive
naterial.114 Iron administration increased the level of SFM and lipofuscin.
Exposure of flies to relatively high concentrations of prooxidants caused
rapid mortality, which prevented the measurement of age-related parameters.
Overall, results of these studies indicated that a complex balance exists
between prooxidants and antioxidants within cells. This is consistent with
the hypothesis that augmentation or depression of one antioxidant defense
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causes a compensatory change in another related or overlapping antioxidant

mechanism.
V. FREE RADICALS, DYSDIFFERENTIATION AND AGING

Although free radicals are present in cells under steady state
conditions and can cause molecular damage, it is unlikely that aging is
solely due to the accumulation of physical damage. A survey of age—
associated changes clearly indicates that aging is not accompanied by a
ubiquitous attrition of structural components of cells. Cu’c:lex:3’4 has
suggested that aging may at least be partly due to free radical-induced
changes in the differentiated state of cells, whereby, normally repressed
genes became derepressed during the senescent phase. In his view, the
optimal state of differentiation gradually degenerates into a state of
"dysdifferentiation™ as a result of genomic damage by long-term exposure to
free radicals. BAccording to this line of reasoning, the relationship
between differentiation and aging would be governed by factors which control
repression and derepression of genes during developmental and post-
developmental stages.

Cellular differentiation ultimately results from the differential
expression of genes; however, this process is modulated by cytosolic
factors. Transplantation of cultured samatic cell nuclei into oocytes has
been found to derepress embryonic genes and repress genes normally expressed
in differentiated samatic cells.115 In at least one case, transplantation
of nuclei from dedifferentiated cells, i.e., nuclei from cancer cells, to
, 116 Such studies
indicate the existence of cytosolic factors which reversibly influence gene

oocytes results in the formation of normal tissues.

expression.

The hypothesis that aging is due to changes in gene expression does
not necessarily mean that such changes are due to genomic damage; however,
diminished control of genamic expression would result in cellular
inefficiency and may ultimately lead to deat'.h.3’4"1r7 Several lines of
evidence tend to support Cutler's dysdifferentiation hypothesis. Non-
histone proteins are believed to play an inportant role in the regulation of
gene expression.lm'll9 It is well documented that non-histone proteins are
extremely sensitive to surrounding charges and ion balance, and that they
undergo age-related alterations in overall charge.lzo’ 12 The murine
leukemia virus is normally not expressed in brain or liver tissue; however,
a greater fraction of the viral gename is expressed in the brain and liver

of older animals than in young aninals.123’124 Furthermore, the number of
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globin messenger RNA molecules has been found to increase in the brain and
liver with age. Since globin is not normally synthesized by the brain or
liver, the observed increase may indicate that mechanisms controlling gene
expression become less effective in older organisms.123 It would also seem
significant that many carcinogens are more effective in altering gene

125,126

expression than in causing mutations. Cross—linking of chromatin

proteins may be one of the causes of the age-related decline in protein
synthesis observed in a variety of organisxxs.127’128
On the basis of existing evidence, it is reasonable to assume that
gene expression changes with age. Such changes may result from alterations
in controlling mechanisms rather than damage to the genome. If
dysdifferentiation plays a causal role in aging, a higher rate of metabolism
should accelerate this process. The mechanism by which metabolic rate may
bring about dysdifferentiation is presently obscure. In the context of
existing knowledge, two different mechanisms can be suggested: 1. Free
radicals generated by metabolic processes may damage gene-regulatory sites
as suggested by Cutler3'4 2. In our view, it is also possible that shifts in
the balance between cellular oxidants and reductants may represent the
cytosolic factors which affect the pattemns of gene expression associated
with processes of development and aging. Relative concentrations of
oxidized forms of glutathione, NAD, and NADP in the rat skeletal muscle are
higher, at the expense of reduced forms, in old rats than in young rats.129
We have observed a similar pattern in the whole body hamogenates of the
houseflies (unpublished). Such findings suggest that the intracellular
environment of old cells is less reducing than in the young cells.

A variety of metabolic fields and gradients are known to affect
developmental processes in multicellular organisms. Many of the changes
during embryonic development appear to correspond, either directly or
indirectly, to alterations in oxygen metabolism.m0 Childm1 postulated
that in regenerating organisms the regions of higher metabolic activity
influenced the development of regions with lower metabolic activity.
Differential vascularization, which would presumably lead to unequal
oxygenation of tissues, is believed to influence developmental pattemns in
higher orc_;anisns.132_134 Furthermore, phenotypic expression in cultured
enbryonic chick cells can be experimentally controlled by variations in

oxygen t:ens.ions.1 35
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Several lines of evidence suggest that oxygen—derived free radicals
may be involved in the process of cellular differentiation. Polytene
chromosames of salivary glands in insects exhibit a characteristic puffing

118 Uncouplers of mitochondrial respiration,

pattem during development.
e.g., dinitrophenol, menadione, oligomycin and antimycin A have been
aobserved to induce chromosamal puffing.l%’137

An important clue to the involvement of oxygen radicals in the process
of differentiation is provided by the fact that alterations in the
differentiated state are invariably accompanied by changes in the level of
cellular free radical defenses. Notably, cancer cells appear to exhibit a
reduction in the activity of mitochondrial SOD (mangano-isozyme) . 38-140
many cases, the activity of cytosolic SOD (Cu/Zn isozyme) is also greatly
reduced.}®! The rate of cell division, which is indicative of the extent of
dedifferentiation, has been found to vary indirectly with SOD activity,
i.e., the highest rates of cell division occur in cells with the lowest SD
activity.139' 142 Gther antioxidant enzymes in cancer cells also exhibit
decreased act:ivi'cy.143 Conversely, SOD activity has been dbserved to
increase during metamorphosis in insects144 and during differentiation of
the cellular slime mold, Didymium iridius.l4>

We have observed increases in Mn—-SCD activity of up to 46-fold during
the differentiation of various strains of the slime mold, Physarum
mlygem.us Increased SOD activity was accompanied by an elevation in
cyanide-resistant respiration (Fig. 5). The rate at which Mn-S(D activity
increases roughly corresponds to the rate of differentiation. Under
identical culture conditions, strains of Physarum, which did not
differentiate, failed to exhibit increased SOD activity. The only other
enzyme in Physarum previously reported to exhibit a large increase during
spherulation is glutamate delydrogenase (9-fold). Other enzymes examined in
Physarum exhibit approximately constant or decreased activity during
differentiation.lu Of the enzymes examined, only superoxide dismutase
activity increases so strikingly, and only the changes in superoxide
dismutase activity parallel the rate of differentiation (Fig. 5).

Inorganic peroxide concentration was greatly elevated in
differentiating strains of Physarum, but not in a non-differentiating
st:rain.l‘l‘6 It is noteworthy that rates of H202 generation and lipid
peroxidation are lower in cancer cells than in normal cells. The decrease
in the rate of H202 generation is believed to be due to low SD activit:y,l:‘}8
and the decrease in lipid peroxidation has been postulated to result fram
alterations in membrane composition of tumor c:ells.“?"148 The rate of

In
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tumor growth has also been reported to be inversely related to lipid
peroxidation,148 which is consistent with the observation that lipid
peroxides inhibit mitcsis.149

peroxides decreases during the mitotic phase of regeneration and increases
150

In regenerating rat liver, the level of lipid

during redifferentiation.

Glutathione has been implicated in a number of developmental
processes. Cell state transitions are frequently accampanied by alterations
in GSH concentration. Dedifferentiated cells, such as cancer cells, contain
high levels of (SH.lsl For example, the growth rate of human skin tumors is
reported to be proportional to GSH conoent:ration.152 In vertebrates, GSH
increases during the mitotic phase of regeneration and subsequently declines
as the cells redifferem:iate.153 Y-Glutamyl transpeptidase (GGT), an enzyme
which can catalyze GSH oxidation, appears to decrease in developing systems
and to be lowest in differentiated oells.ls4 Elevation of GGT activity has
been observed in dedifferentiated and premalignant ce\.lls.ls_s’156 Once
differentiated, cells contain a constant low level of GGT activity.

The antioxidant function of GSH as well as its role in the maintenance
of cellular ion balance could potentiate many of the effects observed at
different times during development. Antioxidants such as dihydrobenzoic acid
and brief periods of anoxia retard or completely inhibit the development of
Qg_qs_@il_a_.ls-’ High concentrations of antioxidant:s158 and changes in
cellular ion balance159 have also been implicated as factors leading to
dedifferentiation and cancer in mammals. Free radicals, particularly O2
have been reported to greatly affect membrane permeability to ions by
increasing the level of lipid peroxidation and the oxidation of -SH groups
in membrane A’H’ases.160

Changes in nuclear concentration of ions, such as K+, NaJr and Mg++,
have been found to cause chromosomal puffing in insects.lsl'162
in GSH concentration can greatly affect the ion distribution in cells.
GSH is also a modulator of cell redox state.164 A large change in
intracellular GSH concentration may thus affect the distribution of charges
in the cell and will markedly affect the ratio of reducing to oxidizing
equivalents,

GSH concentrations decrease about 80% during differentiation in
Physarum (Fig. 5) ,146,165-167 Furthermore, the rate at which GSH
concentration decreases appears to inversely correspond to the rate of
differentiation.165 Increased free radical production during
differentiation may result in GSH oxidation and extrusion fram cells,

Variations
163
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Fig 5. Parameters of oxygen metabolism in Physarum polycephalum during the

cell cycle (growth) and during differentiation into spherules (induced by
starvation). Oxygen consumption was measured in plasmodial homogenates in
the presence of 1.3mM KON in pH 7.1 buffered glucose (B), and in salts
medium without KCN at pH 3.8 (A). Superoxide dismutase activity (C), and
concentrations of hydrogen peroxide (E) and glutathione (D) were measured
during the growth of plasmodia from the second (MII) through the third
(MIII) post-fusion mitosis and during starvation-induced differentiation of
microplasmodia grown in shake flasks. (Adapted from 146, 167).
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albeit, GSH is also known to bind with proteins. Binding of GSH to
proteins, which can affect enzyme activities, may also account for part of
the decrease in GSH concentration cbserved during different:iation.168
Treatment of Physarum with chemical agents that increase or decrease GSH
concentration results in a corresponding decrease or increase in the rate of
differ:entiation.165 Interestingly, the free radical-generating herbicide,
paraquat was found to accelerate differentiation in Eny_sgm.l% Treatment
of a non-differentiating strain of Physarum with paraquat and buthionine
sulfoximine (to decrease GSH level) induced the formation of immature
differentiated structureﬁ.166

In housefly larvae, GSH concentration is high during development but
decreases dramatically during metamorphosis.169 GSH concentration is
relatively high immediately following metamorphosis. It decreases during the
next week and then sharply increaes around the ninth day of adult life.
Thereafter, it declines steadily until death.9 1,169 The cause of GSH
decline observed in adult insects appears to be due to the loss of Y-
glutamylcysteine synthetase activity, and thus results from decreased
synthesis rather than increased oxidation.l’® The age-related decline in
GSH may also result from a decrease in glutathione reductase activity since
the level of GSSG has been observed to increase in aging houseflies.91

Cyanide-resistant respiration in the housefly remains relatively
constant during larval stages (approximately 11% of total respiration). The
cyanide-resistant respiration is twice as great in pupae as in larvae and
five times greater in pupae than in a;du.lt:s.167 Superoxide dismutase (SD)
activity is low in larvae and increases very markedly during
matamorphosis.144 Increased S(D activity and cyanide-resistant respiration
would seem to indicate that changes in the rate of free radical generation
occur during metamorphosis. A large increase in free radical generation in
pupae would account for increased SOD activity and decreased GSH
concentration during this period.

We have also observed a 2-fold increase in Mn—-S(D activity and a one-
third decrease in GSH concentration in differentiating mammalian

171

myoblasts. Interestingly, free radical-generators such as X-radiation

and benzo(a) pyrene induce cytodifferentiation, i.e. adipogenesis, in

embryonic mouse ce.lls.172
e is ve-cited evi

differentiation is associated with hiah S activity and low GSH

concentration,
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The influence of metabolic rate on life span, and the changes which
occur in the free radical defenses during differentiation and
dedifferentiation, raise the possibility that a dynamic equilibrium exists
between prooxidants, antioxidants and cellular charge distribution, which
acts as a set point for the regulation of gene expression. We hypothesize
that differentiation, in part, results from the establishment of this
equilibrium and senescence is due to a shift in the equilibrium in favor of
prooxidants. An important function of the antioxidants is to maintain
cellular redox state and ion balance, both of which affect chromatin
configuration and gene expression.ll’163

Non-histone proteins are believed to play an important role in the
regulation of gene expreﬁsion118
nucleus before chromosomal puffing can occur. It is well documented that
nonhistone proteins are extremely sensitive to surrounding charges and ion
balance, and that they undergo age-related alterations in overall

120-122 It would seem possible that changes in cellular redox state

and must migrate from the cytosol into the

charge.
and ion balance, which appear to occur during differentiation, may affect
the migration of non-histone proteins into the nucleus as well as the
binding properties of these proteins to chromatin. In aging individuals,
alterations in the cellular redox state and ion balance may initiate events
which ultimately lead to decreased regulatory control and
dysdifferentiation. According to our model, antioxidant defenses modulate
nuclear-cytoplasmic interaction. Aging is due to attrition of this type of
regulation and cancer is due to the loss of the optimal equilibrium between
antioxidants and prooxidants. High concentrations of prooxidants would be
associated with differentiation, whereas, low concentrations of prooxidants
or high levels of nonenzymic antioxidants are related to mitotic activity.
Only with further study can the validity of these hypotheses be assessed.

CONCLUSIONS AND SUMMARY

We have reviewed the evidence suggesting the involvement of metabolic
rate and oxygen metabolites in processes of aging and development. There is
now little doubt that the rate of aging and metabolic rate of organisms are
inversely correlated in poikilotherms as well as homeotherms. In the
former, a variety of experimental studies have demonstrated that regimes
which lower metabolic rate extend life span and retard the rate of age-
related physiological and biochemical changes. In homeotherms, apparently,
there are three categories of metabolic potential (i.e. total energy



Oxygen Metabolism, Aging and Development

consumed during life). Within each category, basal metabolic rate is
inversely correlated with species-specific longevity.

In the current belief, the biochemical effects of metabolic rate are
mediated by the active oxygen species, generated as a result of univalent
reduction of oxygen. Experimental increase in physical activity has been
shown to stimulate the production of free radicals and their subsequent
reaction products.

Efforts to demonstrate, unambiquously, a direct causal relationship
between oxygen radicals and the aging process have so far been unsuccessful
because steady state concentrations of free radicals are very low and the
aging process is extremely slow. Furthermore, it is also difficult to rule
out the causal involvement of other biological factors in aging especially
when virtually every physiological function exhibits an age-related
alteration. It is our suggestion that a more fruitful experimental approach
would be to focus on the predictions of the free radical theory of aging.

Antioxidant administration does not seem to prolong longevity in many
cases probably because organisms exert a homeostatic control over their
endogenous antioxidant levels. Administration of exogenous antioxidants
tends to depress levels of endogenous antioxidants.

Age-related increase in exhalation of alkanes jn yivo, which are
products of free radical induced lipid peroxidation, suggests that free
radical~induced damage tends to increase with age. There is same evidence
that this enhanced vulnerability is due to both an age-dependent decline in
antioxidant defenses as well as increased production of oxygen free
radicals. The metabolic potential (which is a measure of aging rate) of
mammals appears to be directly correlated with the efficiency of antioxidant
defenses in relation to per unit metabolic rate and inversely related to in
vitro auto-oxidizability of tissues.

We postulate that aging is due to the loss of a balance between
prooxidants and antioxidants in cells, which is necessary for the
maintenance of differentiated state of cells.

We have discussed some intriguing experimental evidence that oxygen
free radicals may also play an inductive role in developmental events.
Intracellular environment becomes less reducing during differentiation.
High levels of SOD activity and low levels of GSH are in general associated
with differentiation while the reverse is true during dedifferentiation. It
is postulated that changes in cellular redox state may be responsible for
altered gene expression during differentiation and aging.
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The main implication of the arguments presented in this review is that
oxygen metabolites play a causal role in the induction of cellular
diferentiation and senescence.

ACKNONLEDGFMENTS
The authors would like to acknowledge the financial support provided

by the research grants from the National Institutes of Health (ROAGl71), The
Glenn Foundation for Medical Research, and the American Federation for Aging
Research,

REFERENCES

1. S.I.S. Rattan. Beyond the present crisis in gerontology. BioEssays
2: 226-228 (1985).

2. N.W. Shock Blologlcal theories of aging. In: Handbook of
(J.R. Florini, ed), pp 271-279, CRC Press, Boca
Raton (198l1).

3. R.G. Cutler. Antioxidants, aging and longevity. In: Fr icals i
Biology (W.A. Pryor, ed), vol 6, pp 371-428, Academic Press, New York
(1984).

4. R.G. Cutler. Dysdlfferentlatlve hypothes:.s of aging: a review. In:
Molecular Bi O: ne E sion (R.S.
Sohal, L.S. Birbaum, and R.G. Cutler, eds), Raven Press, New York (in
press).

5. M. Rubner. Das Problem der Igbendauer, Berlin (1908).

6. J. Loeb, and J. Northrop. On the influence of food and temperature
upon the duration of life. J, Biol. Chem, 32: 103-121 (1917).

7. R. Pearl. The Biology of Death. J.B. Lippincott, Philadelphia
(1922).

8. R. Pearl. The Rate of Living. A.A. Knopf, New York (1928).

9. W.W. Alpatov, and R. Pearl. Experimental studies on the duration of
life. II. Influence of temperature during the larval period and adult

life of Drosophila melanogaster. Amer, Nat, 63:37-67 (1929).

10. R.S. Sohal. Metabolic rate, aging and lipofuscin accumulation. In:
Age Pigments (R.S. Sohal, ed), pp 303-316, Elsev1er/North Hollang,
Amsterdam (1981).

11. R.S. Sohal, and R.G. Allen. Relat:.onship between metabolic rate, free
radicals, differentiation and aging: a unified theory. In: The
Molecular Basis of Aging (A.D. Woodhead, A.D. Blackett, and A.

Hollaender eds), pp. 75~104, Plenum Press, New York (1985).

12. C.G. Hewitt. The House—fly. Cambridge University Press, Cambridge
(1914).



13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Oxygen Metabolism, Aging and Development

M. Rockstein, and J. Miquel. Aging in insects. 1In: si of
(M. Rockstein, ed), vol. 1, pp 371-478, Academic Press, New
York (1973).

W.M. Wheeler. The Social Insects: Their QOrigin and Evolution.
Harcourt, Brace and Co., New York (1928).

P.B. Buchan, and R.S. Sohal. Effect of tatperature and different sex
ratios on physical activity and life span in the adult housefly, Musca
domestica. Exp, Geront. 16: 223-228 (1981).

R.A. Davis, and G. Fraenkel. The oxygen consumption of flies during
flight. J. Exp, Biol. 17: 402-407 (1940).

A.E. Kanmer, and B. Heinrich. Insect flight metabolism. In: Advances
in Insect Physiology (J.E. Treherne, M.J. Berridge, and V.B.
Wigglesworth, eds), vol 13, pp 133-228, Academic Press, New York
(1978) .

J.W. MacArthur and W.H.T. Baillie. Metabolic activity and duration of
life, II. Metabolic rates and their relation to longevity in Daphnia

magna. J. Exp. Zool. 53: 243-286 (1929).

J. Smith-Sonneborn, and J.C. Reed. Calendar life span versus fission
life span of Paramecium aurelia. J, Geront. 31: 2-7 (1976).

J. Miquel, P.R. Lundgren, K.J. Bensch, and H. Atlan. Effect of
temperature on the life span, vitality and fine structure of

Drosophila melanogaster. Mech, Ageing Dev. 5:347-370 (1976).

Y.B. Byzova. Metabolic expenditures and length of life at various
tenperatures of the imago of Tepebrijo molitor L. (Tenebrionadae,

Coleoptera). Doklady Acad, Nauk SSSR Zool. 239: 1002-1004 (1978).

M.C. McArthur, and R.S. Sohal. Relationship between metabolic rate,
aging, lipid peroxidation and fluorescent age pigment in the milkweed
bug, Oncopeltus fasciatus (Hemiptera). J. Geront, 37: 268-274 (1982).

G.A. Sacher. Life table modification and life prolongation. In: The
Biology of Aging (C.E. Finch and L. Hayflick, eds), pp 582-638, Van
Nostrand Reinhold, New York (1977).

R. K. Liu and R. L. Walford. Mid-life temperature-transfer effects on
life-span of annual fish. J. Geropt. 30: 129-131 (1975).

J.A. Scott. Lifespan of butterflies. J. Res, Lepidopt. 12: 225-230
(1973).

M. Klass. Aging in the nematode Caenorhabditis elegans: Major
biological and environmental factors influencing life span. Mech,

Ageing Dev. 6: 413-429 (1977).

R.F. Shaw, and B.L. Bercaw. Tenperature and lifespan in
poikilothermus animals. Nature 196: 454-457 (1962).

J.M. Clarke, and J. Maynard Smith. Two phases of ageing in Dxrosophila
subobscura. J. Exp. Biol. 38: 679-684 (1961).

149



150

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

R.S. Sohal and R.G. Allen

J. Maynard Smith. Temperature and the rate of aging in poikilotherms.
Nature 199: 400-402 (1963).

M. Lamb. Temperature and life span in Drosophjila. Nature 220: 808-
809 (1968) .
M.J. Hollingsworth. The threshold theory of aging. Gerontologia 16:

252-258 (1970).

S.S. Ragland, and R.S. Sohal. Ambient temperature, physical activity

and aging in the housefly, Musca domestica. Exp, Geront. 10: 279-289
(1975).

R.S. Sohal. Metabolic rate and life span. Interdiscip. Top. Geropt,
9: 25-40 (1976).

R.S. Sohal. Aging in insects. In: i
i i P) C (G.A. Kerkut and L.I. Gilbert, eds),
vol. 10, pp 595-631, Pergamon Press, Oxford (1985).

C.L. Prosser. Comparative Animal Physiology, 3rd edn, Saunders,
philadelphia (1973).

T.H. Bullock. Compensation for temperature in the metabolism and
activity of poikilotherms. Biol. Rev, 30: 311-342 (1955).

P.A. Denhal and E. Segal. Acclimation of oxygen consumption to
tenperature in the american cockroach (Periplaneta americapa). Biol,
Bull. 111: 53-61 (1956).

R.S. Sohal. Oxygen consumption and life span in the adult male
housefly, Musca domestica. Age 5: 21-24 (1982).

S.S. Ragland, and R.S. Sohal. Mating behavior, physical actvity and

aging in the housefly, Musca domestica. Exp, Geront. 10: 279-289
(1973).

R.S. Sohal, and P.B. Buchan. Relationship between physical activity

and life span in the adult housefly, Musca domestica. Exp, Geront.
16: 157-162 (1981).

F.A. Lints, E. Le Bourg, and C.V. Lints. Spontaneous locomotor
activity and life span. A test of the rate of living theory in

Drosophila melanogaster. Gerontology 30: 376-387 (1984).

R.S. Sohal. Spontaneous locomotor activity as a test for the rate of
living theory. (A letter to the Editor). Gerontology. 31:332~
334(1985).

W.E. Trout, and W.D. Kaplan. A relationship between longevity,
metabolic rate and activity in shaker mutants of Drosophila
melanogaster. Exp, Geront. 5: 83-92 (1970).

A. Neukirch. Dependence of the life span of the honeybee (Apis
mellifica) upon flight performance and energy consumption. J. Comp,
Physiol. 146: 35-40 (1982).



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Oxygen Metabolism, Aging and Development 151

M. Kem. The influence of sexual behavior on the age-related
metabolic rate, hormone level, brain metabolism and life span in the
silkmoth, B. mori. XVII. International Congress of Entamology,
Hamburg, Abstract volume, p 434 (1984).

C.L. Goodrick. Effects of long~term voluntary wheel exercise on male
and female rats. Gerontology 26: 22-33 (1980).

D. Eddington, A. Cosmas, and W. McCafferty. Exercise and longevity:
evidence for a threshold age. J., Geront. 27: 341-343 (1972).

H.D. Jghnson, L.D. Kintner, and H.H. Kibler. Effects of 48°F (8.9°C)
and 83"F (28.4°C) on longevity and pathology of male rats. J._Geront.
18: 29-36 (1963).

H.H. Kibler, H.D. Silsby,oand H.D.oJohnson. Metabolic trends and life
spans of rats living at 9°C and 28°C. J. Geront. 18: 235-239 (1963).

H.H. Kibler, and H.D. Johnson. Temperature and longevity in rats. J,
Geront. 21: 52-56 (1966).

C.P. Lyman, R.C. O'Brian, G.C. Greene, and E.D. Papafrangos.
Hibernation and longevity in the Turkish hamster Mesocricetus brandtij.
Science 212:668-670 (1981).

R.S. Sohal. Metabolic rate, free radicals and aging. In: Free
Radicals in Molecular Biolodgy, Aging, apd Disease (D. Armstrong, R.S.
Sohal, R.G. Cutler, and T.F. Slater, eds), pp 119-127, Raven Press,
New York (1984).

R.S. Sohal. Lipofuscin: characteristics and significance. Progr,
Brain Res, (in press).

C.L. Dolman, and P.M., Macleod. Lipofuscin and its relation to aging.
+ Advances in lular Neurobi (S. Federoff, and L. Hertz,
eds), pp 205-247, Academic Press, New York (1981).

J. Micuel, J. Oro, L. Bensch, and J. Johnson. Lipofuscin: fine
structure and biochemical studies. In: Free Radicals_in Biology (W.A.
Pryor, ed), vol 3, pp 133-182, Academic Press, New York (1975).

M. Wolman. Lipid pigments (chromolipids): their origin, nature and
significance. 1In: Pathobiology Annual (H.L. Iocachim, ed), vol 10, pp
253-267, Raven Press, New York (1980).

H. Donato, and R.S. Sohal. Lipofuscin. In: Handbook of Aging in
i i (J.R. Florini, ed), pp 221-227, CRC Press, Boca Raton
(1981).

R.S. Sohal (ed) Age Piaments, Elsevier/North Holland, Amsterdam
(1981).

D.D. Herdley, A.S. Mildvan, M.C. Reporter, and B.L. Strehler. The
properties of isolated human cardiac age pigment. I. Preparation and
physical properties. J. Geront. 18: 144-150 (1963).



152

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

R.S. Sohal and R.G. Allen

A.L. Tappel. Lipid peroxidation and fluorescent molecular damage to

nembranes. In: Pathobiology of Cell Membranes (B.F. Trump, and A.U.
Arstila, eds), vol. 1, pp 145-170, Academic Press, New York (1975).

A.L. Tappel. Measurement of and protection from in vivo lipid

peroxidation. In: Free Radicals in Biology (W.A. Pryor, ed), vol. 4,
PP 1-47, Academic Press, New York (1980).

H. Donato, and R.S. Sohal. Age-related changes in lipofuscin-
associated fluorescent substances in the adult male housefly, Musca
domestica. Exp., Geront. 13: 171-180 (1978).

H. Thaw, P.V. Collins, and U.T. Brunk. Influence of oxygen tension,
pro-oxidants and antioxidants on the formation of lipid peroxidation
products (lipofuscin) in individual cultivated human glial cells.

Mech, Ageing Dev. 24: 211-223 (1984).

B.M. Zuckerman and M. Geist. Effect of nutrition and chemical agents
on lipofuscin formation. In: Age Pigments, (R.S. Sohal, ed), pp 283-
302, Elsevier/North Holland, Amsterdam (1981).

J.F. Munnel, and R. Getty. Rate of accumulation of cardiac lipofuscin
in the aging canine. J, Geront, 23: 154-158 (1968).

R.L. Friede. The relationship of formation of lipofuscin to the
distribution of oxidative enzymes in the human brain. Acta Neuropath,
2: 113-125 (1962).

W. Kny. Uber die Verteilung des Lipofuchsins in der Skelettmuskulatur

in ihrer Beziehung zur Funktion. Virchows Arch, Pathol, Anat.
Physiol. 229: 468-478 (1937).

R.S. Schal, and H. Donato. Effect of experimental prolongatlon of
life span on llpofuscm content and lysosomal enzyme activity in the
brain of the housefly, Musca domestica. J. Geront, 34: 489-496
(1979).

R.S. Sohal. Relationship between metabolic rate, llporfuscm
accumulation and lysosomal enzyme activity during aging in the adult

housefly, Musca domestica. Exp., Geront. 16: 347-355 (1981).

J. Miquel, P.R. Lundgren, and K.G. Bensch. Effects of oxygen-nitrogen
(1:1) at 760 Torr on the life span and fine structure of Drosophila

melanogaster. Mech, Ageing Dev. 4: 41-57 (1975).

E.D. Papafrangos, and C.P. Lyman., Lipofuscin accumilation and
hibernation in Turkish hamster Mesocricetus brantji. J., Geropt. 37:
417-421 (1982).

J.A. Sheldahl and A.L. Tappel. Fluorescent products from aging
Drosophila melanogaster: an indication of free radical lipid
peroxidation damage. Exp, Geront. 9: 33-41 (1974).

R.S. Sohal and H. Donato. Effects of experimentally-altered life
spans on the accumulation of fluorescent age pigments in the housefly,

Musca domestica. Exp, Geront, 13: 335-341 (1978).



74.

5.

76.

71.

78.

79.

80.

8l.

82.

83.

84.

85.

86.

87.

88.

Oxygen Metabolism, Aging and Development 153

R.S. Sohal, and P.B. Buchan. Relationship between fluorescent age
pigment, physiological age and physical activity in the housefly,
Musca domestica. Mech. Ageing Dev. 15: 243-249 (1981).

A.B.K. Basson, S.E. Treblanche, and W. Oelofsen. A comparative study
on the effects of ageing and training on the levels of lipofuscin in

various tissues of the rat. Copp., Biochem, Physiol. 71A: 369-374
(1982) .

A.A. Barber, and F. Bernheim. Lipid peroxidation, its measurement,
occurrence and significance in animal tissues. Adv, Geront, Res. 2:
355-403 (1967).

J.M.C. Gutteridge. Free radical damage to lipids, amino acids,
carbohydrates and nucleic acids determined by thiobarbituric acid
reactivity. JInt, J, Biochem. 14: 649-654 (1982).

R.S. Sohal, H. Donato, and E.R. Biehl., Effect of age and metabolic
rate on lipid peroxidation in the housefly, Musca domestica. Mech,
Ageing Dey. 16: 159~167 (1981).

A. Wendel, and E.E. Dumelin. Hydrocarbon exhalation. Meth, Enzymol.
77: 10-15 (1981).

C. Riley, G. Cohen, and M. Lieberman. Ethane evolution: a new index
of lipid peroxidation. Science 183: 208-219 (1974).

M. Sagai, and T. Ishinose. Age-related changes in lipid peroxidation
as measured by ethane, ethylene, butane and pentane in respired gases
of rats. Life Sci. 27: 731-738 (1980).

C.J. Dillard, R.E. Litov, W.M. Savin, E.E. Dumelin, and A.L. Tappel.
Effects of exercise, vitamin E, and ozone on pulmonary function and
lipid peroxidation. i (8) Ccise
Physiol. 45: 927-932 (1978).

R.S. Sohal, A. Muller, B. Koletzko, and H. Sies. Effect of age and
ambient temperature on p-pentane production in adult housefly, Musca

domestica. Mech, Ageing Dev. 29: 317-326 (1985).

R. Gerschman, D.L. Gilbert, S.W. Nye, P. Dwyer, and W.0. Fenn. Oxygen
poisoning and X-radiation: a mechanism in common. Science 119: 623-
629 (1954).

D. Harman. Aging: A theory based on free radical and radiation
chemistry. J. Geront. 11: 298-300 (1956).

K.J.A. Davies, A.T. Quintanilha, G.A. Brooks, and L. Packer. Free

radicals and tissue damage during exercise. Biochem, Biophvs. Res.
Camn. 107: 1198-1205 (1982).

D. Harman, Free radical theory of aging: Effects of free radical
reaction inhibitors on the mortality rate of male LAF mice. J,
Geront. 23: 475-482, (1968).

D. Harman. The aging process. Proc. Natl, Acad, Sci, USA 78: 7124~
7128 (1981).



154

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

R.S. Sohal and R.G. Allen

R.R. Kohn. Effect of antioxidants on life span of C57BL mice. J.
Geront. 26: 378-380 (1971).

R.S. Sohal, R.G. Allen, K.J. Farmer, R.K. Newton, and P.L. Toy.
Effects of exogenous antioxidants on the levels of endogencus
antioxidants, lipid-soluble fluorescent material and life-span in the

housefly, Musca domestica. Mech, Ageing Dey. 31: 329-336 (1985).

R.S. Sohal, K.J. Farmer, R.G. Allen, and N.R. Cohen. Effect of age on
oxygen consunptlon, superoxide dismutase, catalase, glutathlone,
inorganic peroxides, and chloroform-soluble antioxidants in the adult
male housefly, Musca domestica. Mech, Ageing Dev. 24: 185-195 (1984).

E.W. Kellogg, III, and I. Fridovich. Superoxide dismutase in the rat
and mouse as a function of age and longevity. J, Geront., 31: 405-408
(1976) .

H.R. Massie, V.R. Aiello, and A.A. Iodice. Changes with age in copper
and superoxide dismutase levels in brains of C57BL/6J mice. Mech,

Ageing Dev. 10: 93-99 (1979).

A. Vanella, E. Geremia, G. D'Urso, P. Tiriolo, I. Di Silvestro, R.
Germaldi, and R. Pinturo. Superoxide dismutase activities in ageing
rat brain. Gerontology 28: 108-113 (1982).

R.J. Nicolosi, M.B. Baird, H.R. Massie, and H.V. Samis. Senescence in
Drosophila. IX. Renewal of catalase activity in flies of different

ages. Exp, Geropt. 8: 101-108 (1973).

H.R. Massie, and M.B. Baird. Catalase levels in Drosgphjla and the
lack of induction by hypolipidemic compounds. A brief note. Mech,

Ageing Dey. 5 39-43 (1976).

G.A, Hazelton, and C.A. Lang. Glutathione contents of tissues in the
aging mouse. Bjochem, J. 188: 25-30 (1980).

S.J. Stohs, F.H. El-Rashidy, T. Lawson, R.H. Kabayashi, B.G. Wulf, and
J.F. Patter. Changes in glutathione and glutathione metabolizing
enzymes in human erythrocytes and lymphocytes as a function of age of
donor. Age 7: 3-7 (1984).

S.J. Stohs, W.A. Al-Turk, and C.R. Angle. Glutathione S-transferase
and glutathione reductase activities in hepatic and extrahepatic
tissues of female mice as a function of age. Biochem, Pharmacol. 31:
2113-2116 (1982).

H. Nohl, and D. Hegner. Do mitochordria produce oxygen radicals in
vivo? Eur, J, Biochem. 82: 563-567 (1978).

H. Nohl, and D. Hegner. Responses of mitochondrial superoxide
dismutase, catalase and glutathione peroxidase activities to aging.

Mech. Ageing Dev. 11: 145-151 (1979).

D. Hegner. Age~deperndence of molecular and functional changes in
biclogical membrane properties. Mech, Ageipg Dev. 14: 101-118 (1980).



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Oxygen Metabolism, Aging and Development 1t

J.M. Tolmascoff, T. Ono, and R.G. Cutler. Superoxide dismutase:
correlation with life span and specific metabolic rate in primate

species. Proc., Natl. Acad. Sci, USA 77: 2777-2781 (1980).

R.G. Cutler. Urate and ascorbate: their possible roles as
antioxidants in determining longevity of mammalian species. Arch,
Geront, Gerjat. 3: 321-348 (1984).

K.D. Munkres. Biochemical genetics of aging of Neurospora crassa and
Podospora anserina: a review. In: Age Pigments (R.S. Sohal, ed), pp
83-100, Elsevier/North Holland, Amsterdam (1981).

R.G. Allen, K.J. Farmer, and R.S. Sohal. Effect of diamide
administration on longevity, oxygen consunptlon, superoxide dismutase,
catalase, inorganic peroxides and glutathione in the adult housefly,

Musca domestica. Comp, Biochem, Physiol. 78C: 31-33 (1984).

R.G. Allen, K.J. Farmer, R.K. Newton, and R.S. Sohal. Effects of
paraquat administration on longevity, oxygen consumption, lipid
peroxuhtlon, superoxide dismutase, catalase, glutathione reductase,
inorganic peroxides and glutathione in the.adult housefly. Comp.

Biochem, Physiol. 78C: 283-288 (1984).

R.S. Sohal, K.J. Farmer, R.G. Allen, and S.S. Ragland. Effects of
diethyldithiocarbanate on life span, metabolic rate, superoxide
dismutase, catalase, inorganic peroxides and glutathione activity in

the adult male housefly, Musca domestica. Mech, Ageing Dev. 24: 175-
183 (1984).

R.G. Allen, K.J. Farmer, and R.S. Sohal. Effect of catalase
inactivation on levels of inorganic peroxides, superoxide dismutase,
glutathione, oxygen consumption and life span in adult houseflies

(Musca domestica). Biochem. J. 216: 503-506 (1983).

R.G. Allen, P.L. Toy, R.K. Newton, K.J. Farmer, and R.S. Sohal.
Effects of experimentally-altered glutathione levels on life span,
metabolic rate, superoxide dismutase, catalase and inorganic peroxides

in the adult housefly, Musca domestica. Comp. Physiol. Biochem. 82C:
399-402 (1985).

R.S. Sohal, R.G. Allen, K.J. Farmer, and R.K. Newton. Iron induces
oxidative stress and may alter the rate of aging in the housefly,

Musca domestica. Mech. Ageing Dev. 32: 33-38 (1985).

A.K. Balin. Testing the free radical theory of aging. In: Testing
the Theorjes of Aging (R.C. Adelman, and G.C. Roth, eds), pp 137-182,
CRC Press, Boca Raton (1982).

R.G. Cutler. Evolutionary biology of aging and longevity in mammalian
species. In: Aging apd Cell Function (J.E. Johnson, ed), pp 1-147,
Plenum Press, New York (1984).

R.G. Allen. Effects of putative free radical generation on aging in
the housefly, Musca domestica. Ph.D. Dissertation, Southern Methodist
University, Dallas (1983).



156

115.

116.

117.

118.

119.

120.

121.

122,

123.

124,

125.

126.

127.

128.

R.S. Sohal and R.G. Allen

E.M. De Robertis, and J.B. Gurdon. Gene activation in samatic nuclei

after injection into amphibian oocytes. Proc, Natl, Acad. Sci, USA
74: 2470-2474 (1977).

R.G. McKinnel, B.A. Deggins, and D.D. Leebat. Transplantation of
pluripotential nuclei from triploid frog tumors. Science 165: 394-~395
(1969) .

J.W. Gaubatz, and R.G. Cutler. Age-related differences in the number
of ribosomal RNA genes of mouse tissues. Gerontoloqy 24: 179-207
(1978) .

R.C. Zegarelli-Schmidt, and R. Goodman. The dipteran as a model
system in cell and molecular biology. Int, Rey, Cytol. 71: 245-363
(1981).

W.M. LeStourgeon, R. Totten, and A, Forer. The nuclear acidic
proteins in cell proliferation and differentiation. In: Acidic

Proteins of the Nucleus (I.L. Cameron, and J.R. Jeter, eds), pp 159-
190, Academic Press, New York (1974).

H.P. von Haln, J.M, Heim, and G.L. Eichhorm. The effect of divalent
ions on the isolation of proteins from rat liver nucleoprotein.

Biochim. Biophys. Acta 214: 509-519 (1970).

Z.A. Medvedev, M.N. Medvedev, and L. Robson. Age-related changes in
the electrophoretic pattern of the high molecular weight non-histone
proteins from mouse liver, hepatama and spleen chromatin. Age 3:74-77
(1980) .

A,P. Wagner, E, Psarrou, and L.P. Wagner. Age changes of the
isoelectric points of non-histone chromosomal proteins from rat liver
in the pH range 5 to 8. Exp, Geront. 17: 359-364 (1982).

T. Ono, and R.G. Cutler. Age—dependent relaxation of gene repression:
Increase of endogencus murine leukemia virus-related and globin-
related RNA in brain and liver of mice. Proc, Natl, Acad, Sci, USA
75: 4431-4435 (1978).

D.L. Florine, T. Ono, R.G. Cutler, and M.J. Getz. Regulation of
endogenous murine leukemia virus-related nuclear and cytoplasmic RNA
canplexity in C57BL/6J mice with increasing age. Cancer Res. 40: 519-
523 (1980).

M.J. Fahmy, and O.G. Fahmy. Intervening DNA insertions and the
alteration of gene expression by carcinogens. Cancer Res. 40: 3374-
3382 (1980).

M.J. Faly, and 0.G. Falmy. Differential induction of altered gene
expression by carcinogens at mutant alleles of a Drosophila locus with
a transposable element. Cancer Res. 43: 801-807 (1983).

Z.A, Medvedev. Age changes of chromatin. A review. Mech. Ageing
Dev. 28: 139-154 (1984).

M.K. Thakur. Ag&related changes in the structure and function of
chromatin: a review. Mech, Ageing Dev. 27: 263-286 (1984).



129.

130.

131.

132.

133.

134.

13s.

136.

137.

138.

139.

140.

141.

142.

143.

Oxygen Metabolism, Aging and Development 157

N. Noy, H. Schwartz, and A. Gafni. Age-related changes in the redox
status of rat muscle cells and their role in enzyme-aging. Mech.

Ageing Dev. 29: 63-69 (1985).

E. Frieden. The dual role of thyroid hormones in vertebrate
development and calorigenesis. In: Metamorphosis (L.I. Gilbert, and
E. Frieden, eds), 2nd edn, pp 545-563, Plenum Press, New York (1981).

C.M. Child. Individuation and reproduction in organisms. In:
Senescence and Rejuvenescence, pp 199-236, University of Chicago
Press, Chicago, Illinois (1915).

J.A. MacCabe, and B.W. Parker. Evidence for a gradient of
morphogenetic substance in the developing limb. Dey, Biol. 54:297-303
(1976) .

P. Osdoby, and A.M. Caplan. Osteogenesis in cultures of limb
mesenchymal cells., Dev, Biol. 73: 84-102 (1879).

D.M, Jargiello, and A.I. Caplan. The establishment of vesctier—
derived microenvironments in the developing chick wing. Dev, Biol.
97: 364-374 (1983).

A.I. Caplan, and S. Koutroupas. The control of muscle and cartilage
development in the chick limb: the role of differential

vascularization. J, Embryol, Exp. Morph. 29: 571-583 (1973).

H.J. Leenders, and H.D. Berendes. The effect of changes in the
respiratory metabolism upon genome activity in Drosophila. Chromosoma
37: 433-444 (1972).

L. Rensing. Effects of 2,4-dinitrophenol and dinactin on heat-
sensitive and ecdysone-specific puffs of Drosophila salivery gland
chromosomes in vitro. Cell Diff. 2: 221-228 (1973).

O. Dionisi, T. Galeotti, T. Terranova, and A. Azzi. Superoxide
radicals and hydrogen peroxide formation in mitochondria from normal

and neoplastic tissues. Biochim, Biophys, Acta 403: 292-300 (1975).

I.B. Bize, L.W. Cberley, and H.P. Morris. Superoxide dismutase and
superoxide radical in Morris hepatomas. Cancer Res. 40: 3686-3693
(1980) .

L.W. Oberley. Superoxide dismutase and cancer. In: Superoxide
Dismutase (L.W. Oberley, ed), vol. 2, pp 127-165, CRC Press, Boca
Raton, Florida (1983).

J.A. Sykes, F.X. McCormack, and T.J. O'Brian. A preliminary study of
the supercxide dismutase content of some human tumors. Cancer Res.
38: 2759-2762 (1978).

G.M. Bartoli, S. Bartoli, T. Galeotti, and E. Bertoli. Superoxide
dismutase content and microsomal lipid composition of tumors with

different growth rates. Biochim, Biophys, Acta 620: 205-211 (1980).

A.S. Sun, and A.I. Cederbaum. Oxidoreductase activities in normal rat
liver, tumor-bearing rat liver, and hepatoma HC-252. Cancer Res. 40:
4677-4681 (1980).



158

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

R.S. Sohal and R.G. Allen

J.M. Fernandez-Souza, and A.M. Michelson. Variation of superoxide
dismutases during the development of the fruitfly, Ceratitis capitata.
Biochem. Biophys, Res, Commun. 73: 217-223 (1976).

L. Lott, S. Gorman, and J. Clark. Superoxide dismutase in Didymium
irjdis: characterization and changes in activity during senescence and

sporulation. Mech, Ageing Dev. 17: 119-130 (1981).

R.G. Allen, R.K. Newton, R.S. Sohal, G.L. Shipley, and C. Nations.
Alterations in superoxide dismutase, glutathione and peroxides in the
plasmodial slime mold, Physayum polycephalum during differentiation.
J. Cell, Phvsiol. 125: 413-419 (1985).

A. Hutterman. Enzyme synthesis during differentiation of Physapum
polycephalum. In: Cell Biology of Physarum and Didymium (H.C.
Aldrich, and J.W. Daniel, eds), vol. 2, pp 77-99, Academic Press, New
York (1982).

G.M. Bartoli, and T. Galeotti. Growth-related lipid peroxidation in
tumor microsomal membranes and mitochondria. Bjiochim, Biophys, Acta
574: 537-541 (1979).

K.M. Wilbur, N. Wolfson, C.B. Kenaston, A. Ottolenghi, M.E. Gaulden,
and F. Bernheim., Inhibition of cell division by ultraviolet
irradiated unsaturated fatty acid. Exp, Cell Res. 13: 503-509 (1957).

N. Wolfson, K.M. Wilbur, and F. Bernheim. Lipid peroxide formation in
regenerating rat liver, Exp, Cell Res. 10: 556-558 (1956).

A. Meister, and O.W. Griffith. Effects of methionine sulfoximine
analogs on the synthesis of glutamine and glutathione: possible
chemotherapeutic implications. Cancer Treat, Rep. 63: 1115-1121
(1979).

A. Engin. Glutathione content of human skin carcinamas. Arch,
Derpatol. Res. 257: 53-57 (1976).

B.I. Balinsky. Embryoloay, 3rd edn., Saunders, Philadelphia (1970).

W.L. Richards, and E.G. Astrup. Expression of y-glutamyl
transpeptidase activity in the developing tooth, intervertebral disc,
and hair follicle. Cancex Res. 42: 4143-4152 (1982).

R. Cameron, J. Kellon, A. Kolin, A. Malkin, and E. Faber. Y-
Glutamyltransferase in putative premalignant liver cell populations
during hepatocarcinogenesis. Cancer Res. 38: 823-829 (1978).

E. Huberman, R. Montesano, C. Drevon, T. Kuroki, L. St. Vvincent, T.D.
Pugh, and S. Goldfarb, Y-Glutamyl transpeptidase and malignant
transformation of cultured liver cells. Cancer Res. 39: 269-272
(1979).

W.C. Levengood, and R. Damrauer. Developmental inhibition in
Drosophila using dihydroxybenzoic acid isomers. J, Insect Physiol.
15: 633-641 (1969).



158.

159.

160.

16l.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Oxygen Metabolism, Aging and Development 159

J. Duchesne. A unified biochemical theory of cancer, senescence and
maximal life span. J. Theor, Biol. 66: 137-145 (1977).

I. Zs.-Nagy, G. Lustyik, V. ZS.—§ag¥, and G. Balazs. Correlation of
malignancy with intracellular Na :K ratio in buman thyroid tumors.
Cancer Res. 43: 5395-5402 (1983).

I. Maridonneau, P. Braguet, and R.R. Garay. Na' and ' transport
damage induced by oxygen free radicals in human red cell membranes.

J. Biol. Chem. 258: 3107-3113 (1983).

H. Kroeger, W. Trosch, and G. Muller. Changes in nuclear electrolytes

of Chironomug thummi salivary gland cell development. Exp. Cell Res.
80: 329-339 (1973).

H. Kroeger, and G. Muller. Control of puffing activity in three
chromosomal segments of explanted sa11v§ry gland celis of Chironoms

thummi by variation in extracellular Na' , K and Mg2 . Exp. Cell Res.
82: 89-94 (1973).

S.A, Jewell, G. Bellomo, H. Thor, and S. Orrenius. Bleb formation in
hepatocytes during drug metabolism is caused by disturbances in thiol
and calcium ion homeostasis. Science 217: 1257-1258 (1982).

B. Chance, H. Sies, and A. Boveris. Hydroperoxide metabolism in
mammalian organs. Physiol. Rev. 59: 527-603 (1979).

R.G. Allen, K.J. Farmer, P.L. Toy, R.K. Newton, R.S. Sohal, and C.
Nations. Effect of glutathione on differentiation in the slime mold,

Physarum polycephalum. Develop, Growth Differ. 27: 615-620 (1985).

R.G. Allen, R.K.Newton, K.J. Farmer, and C. Nations. Effects of the
free radical generator paraquat on differentiation, superoxide
dismutase, glutathione and inorganic peroxides in microplasmodia of

Physarum polycephalum. Cell Tissue Kin. 18: 623-630 (1985).

C. Nations, R.G. Allen, K.J. Farmer, P.L. Toy, and R.S. Sohal.
Superoxide dismutase activity during the plasmodial life cycle of

Physarum polycephalum. Experientia (in press).

N.S. Kosower, and E.M. Kosower. Functional aspects of glutathione
disulfide and hidden forms of glutathione. In: Glutathjone (I.M.
Arias and W.B. Jakoby, eds), pp 159-172, Raven Press, New York (1976).

R.G. Allen, and R.S. Sohal. Role of glutathlone in the aging and
development of insects. In:

Mechanisms (K.G. Collatz, and R.S. Sohal, eds), Springer Verlag,
Heidelberg (in press).

G.A. Hazelton, and C.A. Lang. Glutathione biosynthesis in the adult

yellow-fever mosquito (Aedes aeqypti). Biochem, J. 210: 289-295
(1983)

R.S. Sohal, and R.G. Allen. Involvement of prooxidants and
antioxidants in cellular differentiation and aging process. Program
Fourth International Conference on superoxide and superoxide
dismutase, Rome, p 145 (abstract) (1985).



160 R.S. Sohal and R.G. Allen

172. D.L. Guernsey, S.W.C. Leuthauser, and M.J. Koebbe. Induction of
cytodifferentiation in C3H/10T 1/2 mouse embryo cells by X-irradiation
and benzo(a) pyrene. Cell Different. 16: 147-151 (1985).

ABBREVIATIONS

DDC, diethyldithiocarbamate; DPN, diphosphopyridine nucleotide; LEP, life
span energy potential; LSP, life span potential; SFM, soluble fluorescent
material; SOD, superoxide dismutase; TBA, thiobarituriec acid



