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I. Introduction 

Recently, at a Gordon Research conference on the chemistry of 

aging, the opening session was devoted to defining the subject. 

After a lengthy discussion the following definition was produced: 

"The beginning of aging is due to the accumulation of biological 

.. effects and events, the sum of which causes the function of a 

given organ system, either in whole or in part, to pass the point 

of optimum potential function, in a given environment". Having 

satisfied ourselves with such a comprehensive definition, laughter 
I 

was evoked when someone erased the word "aging", and replaced it 

with disease. We can paraphrase this. type of definition of 

aging or disease as follows: In a given environment, cells 

suffer a certain amount of damage; . if the rate at which damage 

accumulates exceeds the cells' genetic potential to correct it 

by division, biosynthesis or repair, the damage will be cumulative. 

Thus we are led to question, where and how does the damage occur 

and how can we protect against it, in a given environment? 

Many hypotheses have been advanced to account for cell aging. 

Although no single explanation is sufficient, for several years 

a free radical hypothesis has seemed most attractive. This 

has stemmed from our long standing interest in the mechanism of 

the free radical system of biological oxidation catalysts involved 

in mitochondrial electron transport and from an appreciation 

of the sophisticated membrane organization developed to prevent 

the spread of molecular damage by these catalysts (cf. 1967 

review of this subject by Packer, Deamer and Heath (1)). 
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Recently, Kendric Smith (2) pointed out that the free radical, 

mutation, error, crosslinking, and immuno.logical hypotheses for 

aging could all be considered under a single umbrella as related 

aspects of what he termed a genetic alteration theory. Free radical 

damage can be considered to play a central role by causing mole-

-
cular damage to information macromolecules resulting in amplifica-

tion and spread of damage (Fig. 1). Damage to the biosynthetic 

and repair functions could result by free radicals from different 

sources such as ionizing radiation,visible or ultraviolet 

radiation, environmental pollutants, metabolically-generated 

radicals, or from genetic defects in peroxide-scavenging enzymes 

like glutathione peroxidase or from depletion of radical-scavenging 

molecules of the hydrophobic or aqueous phase. If, in a given 

environment, free radical damage cannot be repaired or corrected at 

a rate faster than it is generated., the damage will be amplified 

through errors and, eventually, visible accumulation of the damage 

will arise. 

The World Health Organization has estimated that 75% of the 

incidence of human cancer is caused by environmental factors (3); 

it has been suggested that 90% of human cancer may result from 

endogenous and environmental chemical carcinogens (4). The widespread 

production of free radicals by environmental agents and their 

involvement in experimental carcinogenesis lend importance to the 

further understanding of how free radical species interact with 

tissue components to cause cellular, and organismic, degeneration. 

In this chapter we shall consider some of the evidence for 

environmental free radical damage, and its protection, as it 
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relates to aging'and cancer. 

II. Sources of Free Radicals 

Certain environmental agents are themselves free radicals or 

serve to generate low, but continual, levels of free radicals in vivo. 

The physical relationship of free radical-generating agents to 

specific biological tissues, e.g. restriction of visible and ultra-

violet light to surface structures, determines which cells will be 

exposed. ·It is, perhaps, significant that wrinkles and change 

of skin texture, features that we commonly use as an index to 

estimate 'chronologicaL age (5) , occur primarily on parts of the body 

ordinarily exposed to light. 

Free radicals and peroxides are also generated within our 

internal environment. The stomach and small intestine are most 

likely to be exposed to lipid hydroperoxides originating from 

the oxidative rancidity of foods {6). The lungs, blood and heart 

are exposed to high concentrations of o
2 

which generates free 

radicals in vivo (6). These tissues are likewise exposed to 

nitrogen dioxide and ozone, atmospheric pollutants which also 

cause damage through free radical mechanisms (7) . Ionizing 

radiation produces many of its biological effects through the 

induced dissociation of water and H
2
o

2 
formation (8) : 

H 0 -+ H· + HO· 
2 

2 HO· -+ H 0 
2 2 

HO• is also a product of lipid oxidation and it is amongst the 
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most reactive of free radicals exposed to man. In the reduction of o
2 

to water by the respiratory chain, biological oxidation involves 

catalysts of hydrogen and electron transfer (flavins, quinones, 

nonheme iron-sulfur and cytochromes) that exist as free radicals them

selves during electron transport (9). Damage to membrane phos

pholipids may be initiated by hydrogen abstraction via electron 

transport catalysts so as to form free radicals of unsaturated 

fatty acid side chains of phospholipids. Another source of such 

damage is the formation of superoxide ions during biological 

oxidations (10) . An illustration of how damage may be propagated 

within the lateral plane of a membrane is depicted in Fig. 2. 

Here hydrogen abstraction is shown to lead to a free radical 

of a fatty acid chain of a membrane phospholipid; this 

may form a peroxy compound by oxygen addition. These radical 

species are highly reactive compounds which may damage adjacent 

proteins and lipids. Reduction of radicals by dl~a-tocopherol 

will break the chain of events preventing lipid decomposition. 

One of the major decomposition products of the polyunsaturated 

fatty acids is a bifunctional aldehyde, malondialdehyde, which 

crosslinks and polymerizes lipids and proteins. 

The chain-breaking action of tocopherol on this system relates 

to its ability to partition into the membrane lipid phase, and 

to reduce lipid radicals. In stopping radical propagation, 

vitamin E itself becomes a free radical. Because the unpaired 

electrons are delocalized over its chromanol ring, it thereby 

halts the spread of free radical reactions. Its ability to quench 
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lipid radicals may be related to the rate of lateral diffusion 

-8 of membrane phospholipids which is of the order of 10 em/sec 

(11). Lateral diffusion for dl-a-tocopherol is unknown, but 

is likely to be of the same·ordeii of magnitude as phospholipids. 

It is also possible that some of the tocopherol radicals formed 

may be regenerated if they are reduced by electron transport· 

prior to degradation. 

The cell has several endogenous mechanisms for protection 

against oxidative or free radical damage. Free radicals and free 

radical-generating systems are scavenged in both the lipid and 

aqueous phases, e.g. by vitamins E and C, respectively. Peroxide 

byproducts of oxidative reactions are decomposed by catalases 

and peroxidases. Superoxide radicals are quenched by 

superoxide dismutase. A clear example of the damage that 

can result in the absence of protection against free radicals 

is afforded by glutathione peroxidase. In an inherited disorder, 

severe or moderate deficiency of this enzyme results in failure 

to decompose the peroxides that accumulate during metabolism, 

leading to erythrocyte damage and hemolytic anemia (12). As 

this enzyme requires selenium for activity, selenium deficiency 

is also harmful (13). 

IIL Free Radicals and Aging 

In 1968, Harman (14), a proponent of a.· free radical hypothesis 

of aging, enumerated some·of the changes that would be expected 

to occur with age. These' included: accumulative oxidative 

alterations in the long-lived molecules of collagen, elastin 
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and chromosomal material; breakdown of mucopolysaccharides 

through oxidative degradation; changes in membrane character-

. istics due to lipid peroxidation; accumulation of metabol-

ically inert material such as ceroid and age pigment through 

oxidative polymerization reactions involving lipids, particularly 

of polyunsaturated lipids and proteins; and arteriolocapillary 

fibrosis (14). Considerable evidence has accrued to substantiate 

some of these changes, but insufficient information is available 

to determine whether they are of primary or secondary importance 

to organismic aging. Also, there is insufficient knowledge at 

the molecular level to evaluate involvement of free radicals on a 

quantitative basis. 

Crosslinking--This is considered to be an important factor in 

mammalian aging. Random crosslinking between macromolecules would be 

expected to immobilize them, causing loss of function. Bjorksten 

has suggested that, of the crosslinking mechanisms, lipid 

peroxidation by itself could suffice to cause the changes observed 

with age in the body proteins and nucleic acids (15). Although 

most crosslinking studies have been concerned with collagen, 

elastin and other cytoplasmic or extracellular proteins, 

evidence now exists for an age-related increased binding of 

chromosomal proteins to each other and to DNA (16). DNA-protein 

adducts (2) may partly account for reported decreases in the 

percentage of DNA transcribed with increasing age in mice and 

rats (17). Following upon insights gained from radiation 

biology, it seems safe to predict that a new field is now emerging, 

focused upon determining mechanisms of crosslinking of DNA by 
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agents other than radiation. Some cqnsequences of free radical

induced crosslinking of proteins and other molecules to DNA are 

illustrated ~n Fig. 1. 

Repair--The cell may compensate for defective proteins by 

turnover and biosynthesis. Defective DNA is repaired by 

several mechanisms, namely, excision or pre-replication repair (18); 

strand-break repair (19); and post-replication repair (20). 

A correlation exists between excision repair capacity of fibro

blast tissues with UV-induced DNA damage and their lifespan 

within placental mammals (21). Also, though repair of DNA damage 

does not appear to change significantly as cells age in culture 

(22), it has been reported that cultures derived from patients 

afflicted with progeria (a disease characterized by premature 

symptoms of old age before the end of the individual's second 

decade), were reported to be normal in ~xcision repair, but 

defective in strand break repair (23). However, this finding 

has not been substantiated (24). 

While de_fective single strands of DNA might be subject 

to these kinds of repair, it has been pointed out that DNA 

damage by crosslinking agents may involve corresponding sites 

on both strands of the helix so that after excision, no 

template remains for DNA replication (25). Painter et al. 

have also described some other conditions for non-repairable 

strand breaks in mammalian DNA (26) • 

Copper--This cation is a potent catalyst of lipid·peroxidation. 

Total serum copper concentrations increase almost linearly as 

a function of human age from 123.7 mg/100 ml at 20 years to 
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144.6 mg/100 ml at 60 years of age (27). Persons with a history 

of myocardial infarction have a significantly higher serum copper 

level. Copper-catalyzed increases in serum lipid peroxidation 

may accelerate other age-associated processes, including 

atherosclerosis and arteriolocapillary fibrosis (27) . It is 

interesting that vitamin E has been successfully used clinically 

to improve microcirculation in the treatment of intermittent 

claudication (28) , and other antioxidants can prevent experi

mentally-induced atherosclerosis (29) . 

Lipopigments--"Age pigments" have been identified in many 

animal cells; they often increase linearly with age, and they 

have been reported to occasionally occupy as much as 50% of the 

cytoplasmic volume of some postmitotic cells (30). They 

accumulate at the rate of 0.6-1.0% of the total myocardial 

volume per decade in human cardiac tissue (31). The related 

pigments lipofuscin and ceroid have been implicated in many 

studies of cell senescence. It is generally accepted that they 

originate from subcellular organelles undergoing peroxidation 

reactions (32). Ceroid can accumulate in visible amounts 

within a few days to several months but lipofuscin formation 

generally occurs over a period of months to years. Their 

composition is similar except that ceroid contains higher concentrations 

of acidic lipid polymers while lipofuscin is richer in neutral 

lipid polymers (33). Also, lipofuscin has a high concentration 

of zinc and is resistant to chelating agents or cation-exchange 

resins while ceroid contains more iron and calcium and can be 

dissolved by metal chelation (33). Tappel and his colleagues 
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have shown that lipofuscin and ceroid have qualitatively similar 

maximum fluorescence emission spectra at 440-460 nm with a 

maximum excitation at 265 and 375 nm (34). 

Lipopigrnent accumulation is characteristic not only of aged 

cells, but also of several conditions that involve peroxidative 

.. damage: Wilson's disease Ia disorder of copper metabolism (35)], 

thalassemia major (36) and hemochromatosis (37) (both associated 

with high levels of circulating or stored iron), hypoxia (38), 

and vitamin E deficiency. Drosophila flies exposed to 100% oxygen 

at 1/3 atmospheric pressure for four days suffer a loss of viability 

and -shortening of lifespan by 25%. Accumulation of dense bodies 

resembling age pigment are observed to form in tissues. Thus, 

oxygen toxicity in Drosophila shares some of'the characteristics 

of accelerating aging (39) • 

It is difficult to imagine an efficiently functioning cell 

in which lipopigment occupies much of its cytoplasmic volume. 

Lipofuscin accumulation in cells could impede the diffusion 

and transport of essential metabolites and macromolecules (40). 

Indeed, the lipofuscin accumulation is reminiscent of glycogen 

storage diseases (41) in which a genetic defect of a hydrolytic 

enzyme causes accumulation of intracellular glycogen particles 

which bring about cell death and the disease in infants. 

Nevertheless, it remains to be established whether lipofuscin 

deposits in long-lived cells actually contribute to their 

senescence and death. Deamer and Gonzalez (42) correlated 

accumulation of autofluorescent material in cultured human 

fibroblasts with inability to synthesize DNA. Also, chickens 
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fed a vitamin E-deficient diet high in polyunsaturated 

fatty acids developed acute necrotizing encephalopathy (43) • In 

these animals, dense ceroid-like bodies began to accumulate in some 

epithelial cells of brain capillaries within a week, and after 

two weeks dense bodies occupied large segments of the endothelial 

cytoplasm. This was followed by swelling and fragmentation of 

the cells, denudation with focal degeneration of the capillary 

wall, edema, and plugged vascular channels, conditions rapidly 

followed by death. These findings, while not definitive, provide 

circumstantial evidence that progressive accumulation of the 

fluorescent material contributes to the degeneration of cells. 

Vitamin E Deficiency--Vitamin E deficiency has been related 

to aging iri primates because such animals have a shortened 

lifespan (44), increased susceptibility to disease (45), 

and accumulations of age pigment in long-lived postmitotic 

cells (46) . To what extent these changes are due to the loss of the 

antioxidative action of vitamin E is unknown. 

In vitamin E deficiency, the polyunsaturated fatty acid content 

of membranes is decreased. This has been attributed to selective 

peroxidative destruction of polyunsaturated fatty acids, 

particularly arachidonic acid (47). When the vitamin E-deficient 

diet is high in linoleic acid or other polyunsaturated fatty 

acids that are susceptible to lipid peroxidative reactions, 

symptoms of vitamin E deficiency, including lipopigment 

accumulation, are erihanced. Thus, a hemolytic anemia characteristic 

of vitamin E deficiency in premature infants is most effectively 

corrected by administering vitamin E and lower dietary levels 

of linoleic and arachidonic acids (48) • 

10 
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Mitochondria of vitamin E-deprived animals (49,50) show changes 

in normal ultrastructure. Protrusions of their membranes into 

adjacent mitochondria and mitochondriar coalescence can 

be seen by electron microscopy. After 150 days of vitamin E 

deprivation the average mitochondrial volume is 60-80% greater 

.. than the controls. Such abnormal mitochondria may contribute 

to intracellular lipopigment deposits since mitochondrial membranes 

are often detected within forming lipopigment (e.g. 51). In 

vitamin E-deficient cells, some investigators have observed 

proliferation of peroxisomes (microbodies) (50). Because hydrogen 

peroxide decomposition is an important function bf these 

organelles ·it was suggested that increase in their nuinbers might be 

a mechanism whereby the cell compensates for the loss of vitamin 

E's antioxidative action (50). 

Vitamin E has been implicated in the metabolism of mitochondria 

(cf. Corwin, this volume). Although vitamin E can function as 

an activator in the enzymatic reduction of cytochrome c by 

reduced NADH (52), it has not yet been established that it can 

be oxidized and reduced by the mitochondrial respiratory chain. 

However, in photosynthetic electron transport there is evidence 

of oxidation-reduction of vitamin E by photosystem II activity 

(53). Vitamin E has also been reported to decrease membrane 

.. fluidity and alter phosphate permeability (54). Other changes in 

metabolism may be brought about by labilizedmembranes resulting 

from vitamin E deficiency, e.g. arachidonic acid is released 

from membranes and, as. a precursor of prostaglandins, affects 

cyclic AMP metabolism (55). 
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IV. Free Radicals and Cancer 

Many chemical carcinogens and/or their inte'rmediates may either 

be free radicals themselves or else may be activated by free radicals. 

In eviden~e of this, harmful environmental agents often can be 

detected by their ESR signals (56); these include exhaust fumes, 

tobacco tars, cigarette smoke, charred foods, chimney smoke, etc. 

Polycyclic hydrocarbons have a strong tendency to abstract 

an eiectron from an alkali metal, thereby forming relatively 

stable free radicals. Carcinogenesis seems particularly 

associated with a high n electron density in the 9, 10 position 

(K-region) of the phenanthrene nucleus and a low n electron 

density in the neighboring L-region• (57). Certain polycyclic 

hydrocarbons, which are initially inactive, become altered to 

reactive carcinogens during oxidation by the liver microsomal 

electron transport system (58). Nagata et al. (59-61) have used 

ESR to detect free radicals of these in carcinogens in tissue 

homogenates. Benz[a)pyrene is metabolized via a free radical 

mechanism to 6-0H-benzpyrene with concomitant formation of 

H
2
o

2 
(62). 6-0H-Benzpyrene reacts covalently with nucleic acids 

of in vitro cell-free systems and induces strand breakage (63). 

This carcinogen causes morphological transformation of Syrian 

hamster cells (64) and rat fibroblasts (65). Interestingly, 

transformation efficiency has a positive correlation with 

increasing age of the cell culture (65). 

By painting a wide range of substances on animal skin and then 

exposing them to light, Epstein (66) has found that those compounds 
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which have carcinogenic activity also behave as photosensitizers 

giving rise to reactive intermediates similar to those produced 

internally in liver by the action of mixed function oxidases 

on polycyclic hydrocarbons. Boyland and Sims (67) first suggested that 

ring hydroxylation of. polycyclic hydrocarbons proceeds via the 

• formation of highly reactive epoxides. Jerina and his colleagues 

(68) have demonstrated .the epoxide intermediate in hydroxylation 

of naphthalene and Grover, Hewer and Sims (69, 70) found epoxides ·· 

during oxidation of benzpyrene, phenanthrene and benzo[a)anthracene. 

These intermediates can rapidly react covalently with DNA •. 

Ames et al •. ·has shown that the active forms of a large number 

of carcinogens are potent frameshift mutagens in bacteria (71). 

Although there have been some unsuccessful attempts to produce 

tumors directly with stable free radicals or with peroxides or 

organic hydroperoxides, it has been suggested that·the free 

radicals tested were too stable and consequently relatively 

inert (72). 

Differences in ESR Spectra in Tumor and Normal Tissues--

Vithayathil et al. (73) administered p-dimethylaminoazobenzene, 

thioacetarnide and 2-acetylaminofluorene to rats and detected 

transitory signals at g = 2.035 ± 0.002 before recognizable 

tumors developed and suggested that ESR spectroscopy may become 

clinically useful for early detection of tumors. Triplet signals 

have been found in some tumors but not in corresponding normal 

tissues at g = 2.07 (74) and at g = 2.003 (75). The triplet. 

signals were ascribed to an unshared electron on a nitrogen atom 
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and Emanuel et al. (74) concluded that "some new rather stable --
paramagnetic complex absent from normal tissues seems to be 

involved in the metabolism of tumour cells". Quantitative 

changes in ESR signals of tumor tissue (76.:..78) have also been 

observed. For example, a decreased intensity of the signal 

occurs in hepatoma tissue in the region g 2.25 of the micro-

somal fraction associated with cytochrome P
450

; this finding 

is consistent with its decreased drug metabolism (78). 

V. Antioxidants and Aging 

Efforts directed at extending the lifespan of animals often 

utilize cells in culture, and lower animals as model systems, 

where stochastic events are reduced and death is more likely 

to result from cell senescence. Although the causes of aging in 

short-lived animals may not be identical to those that occur in 

humans and other mammals, fundamental mechanisms of cellular 

aging are probably common among animals species. For example, 

lipopigment accumulation, probably the most conspicuous age-

associated subcellular change, has been found in cells ranging from 

primitive coelenterates (79) and mollusks (80) to humans and other 

mammals (81). 

If free radical injury also constitutes a major environmental 

source of aging, increased dietary concentrations of suitable 

forms of antioxidants and free radical scavengers should afford 

some protection against this kind of damage and contribute to 

an organism's ability to express its genetic potential in 

terms of a maximum lifespan. Several studies have already shown 
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that dietary supplementation of vitamin E or other antioxidants 

/ 

can significantly increase lifespan and retard changes that are 

known to occur at predictable times in cultured cells, lower 

animals and mammals. 

Cultured Cells as Model Systems--Diploid mammalian and human 

cells can undergo only a limited number of population doublings 

in vivo. Cultured human lung diploid cells (W~38) have a docu-

+· mented lifespan of 52- 10 population doubling [the Hayflick limit 

(82)]. Macieira-Coelho (83) and Cristofalo et al. (84) have reported 

that addition of S~g/ml hydrocortisone to the medium extends WI-38 

cell lifespan by 5-40%. Packer and Smith (85) reported a 

series of experiments where the number of population doublings 

was increased to about 112-117 (in the absence or presence of 

hydrocortisone) by supplementation of the culture medium with 

vitamin E. Todaro and Green (86) reported that rat fibroblasts 

supplemented with 20.mg/ml albumin above the amount present in 

serum permitted the cells to grow to 100 population doublings. 

These findings, particularly the two latter observations, are 

difficult to reproduce, apprently due to nutritional fluctuations. 

A further complication is that we occasionally find very long-

lived control ·cultures. Nevertheless, such experiments show 

that the mitotic potential of diploid fibroblasts in culture 

may not be rigidly limited and can be altered by dietary 

manipulation. 

More reproducible results are obtained with antioxidant 

protection of cultured cells exposed to environmental stress. 

15 



We have consistently shown that accumulation of age pigment 

under conditions of normal aging and in serum starved cells is 

reduced by vitamin E treatment and that vitamin E treatment protects 

cells against killing by exposure to visible light and concentrations 

of oxygen in excess of 20% o
2

. Indeed, in our laboratory (Packer 

and Fuehr, unpublished results), we have found that human WI-38 

cells grow more rapidly and undergo more population doublings if 

grown at 10% o
2

• Thus, in the tissue culture environment,. it appears 

that oxygen toxicity may affect fibroblast cell lifespan. 

It is noteworthy that the 10% fetal calf serum normally used 

in cell culture media has a concentration of vitamin E that is about 

an order of magnitude lower than that present in human plasma 

(10 ~g/ml) • Malondialdehyde formation is inhibited in WI-38 

cell lipid if cells are grown in the presence of either 

dl-a-tocopherol or solubilized preparations of Hoffman-La Roche 

vitamin E acetate (87). Addition of vitamin E to the culture 

medium also affords these cells partial protection against 

oxygen toxicity, allowing them to survive stress induced by 50% 

oxygen exposure (88). Other recent studies from our laboratory 

(Packer & Fuehr) indicate that selenium supplementation also 

prevents cell death brought about by exposure of cells to 50% oxygen. 

Riboflavin-induced photosensitization to visible light causes 

damage to WI-38 cells~ this photokilling can be completely 

prevented by supplementing cells with 100 ~g/ml vitamin E during 

growth prior to visible light exposure (89) • Further studies in 

our laboratory (90) with rat liver mitochondria have implicated 

flavin photosensitized reactions. Inhibition of flavin-linked 

enzymes was accelerated in liver mitochondria from vitamin E 

16 

., 



• 

0 

deficient rats. 
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Bland et al.(9l)have also shown that a-tocopherol significantly 

protects red blood cells against oxygen and light exposure by 

prohibiting the formation of cholesterol hydroperoxide in the 

membranes which apparently labilizes them, resulting in cell 

deformation and abnormal budding. 

Deamer (personal communication) has found that confluent WI-38 

cells, which have been maintained in a low serum medium (0.1%), 

show appreciable accumulation of fluorescent material after 

seven weeks and morphologically resemble senescent cells. However, 

cells held under these conditions in the presence of 100 ~g/ml 

vitamin E do not show these changes. 

Lower Animal Models--As a model for aging studies, Epstein 

et a~ (92,93) used the free-living nematodes Caenorhabditis 

briggsae, an organism composed mainly of post-mitotic cells. 

During its lifespan, they noted that a progressive age-dependent 

accumulation of pigment granules with acid phosphatase 

activity occurred particularly in the intestinal epithelium. 

Pigment granules eventually occupied most of the cytoplasmic 

volume and appeared to cause the breakdown of the entire 

tissue. Near the end of the life cycle extensive damage to 

muscle cells and nerve complexes impaired the roundworms' motility. 

Addition of dl-a-tocopherol quinone to the medium increased the 

+ 50% survival of treated animals by 11 days over the 35 - 2 days 

typical of control populations, prolonging the lifespan of the 

cells by approximately 30%. The vitami.n E treated nematodes also 

showed a delay in the onset of detectable lipofuscin and a reduction 

17 



in the quant{ty of pigment detected (93). Experiments of this type 

are usually conducted under static and crowded culture conditions. 

It would be interesting to learn whether the effect of vitamin E 

on lifespan would be improved or reduced by repeating such 

experiments in perfused and sparsely populated conditions where 

the lifespan of controls are about 4 fold longer. 

Bolla and Brot (94) confirmed the vitamin E quinone-induced 

life extension under static culture conditions in another species 

of nematode, Turbatrix aceti. In studies correlating enzyme 

changes with age they found a constant decline in specific 

activities of DNA polymerase and aldolase and a sharp increase 

in those of elongation factor l and RNA polymerase at 5 and 15 

days, respectively, before the activities ultimately declined. 

These authors also observed a progressive accumulation of 

totally inactive enzyme molecules detected as antigenically 

cross-reacting material. Evidence of the occurrence .of inactive 

enzymes, i.e., errors in protein synthesis, accompanying aging 

has been reported elsewhere (95-97) , but their causal relevance 

to aging is still in dispute. Inclusion of vitamin E in the 

medium prolonged nematode lifespan by 17% and also altered the 

time at which the activity of those enzymes peaked. For 

example, specific activities of RNA and DNA polymerase declined 

in the vitamin E-treated animals at a later age than in the 

controls (94). 

It has recently also been reported that Drosop~a melanogaster 

responded to vitamin E treatment by showing a 15% increase in 

18 
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its lifespan and a marked reduction in the accumulation of 

lipofuscin (98) • 

Mammalian Models--Tappel ~ al· (34) showed that high concen

trations of vitamin E, administered to mice in conjunction 

with other antioxidants (selenium, butylated hydroxytoluene (BHT) , 

methionine and ascorbic acid) decreased the age pigment accumulation 

in heart and testes. This mixture of antioxidants was used in 

an effort to obtain maximum protection against free radical damage 

since, in certain tissues where exposure to oxidants is high, 

vitamin E cannot by itself completely inhibit peroxidation by means 

of its chain-breaking reactions. Vitamin E was chosen as the key 

antioxidant for inhibiting damage by lipid peroxidation (99), 

butylated hydroxytoluene for its chain-breaking synergism with 

vitamin E (100), ascorbate and methionine for their ability to 

scavenge free radicals in the aqueous phase of the cell (101) • 

and selenium, a co-factor for glutathione peroxidase, to stimulate 

maximum activity of that enzyme system (13). Reduction of lipid 

peroxides to nontoxic hydroxy fatty acids by selenium-glutathione 

peroxidase produces a sparing effect on vitamin E and prevents 

decomposition of peroxides into free radicals capable of reinitiating 

peroxidation (6). Although it was established (34) that the pro

gressive acc~ulation of fluorescent lipopigment could be slowed 

by increasing dietary antioxidants, there was no increase in 

lifespan. Attempts to optimize protection with antioxygenic 

nutrients and antioxidants could be hampered by several factors: 

nutritional imbalances as caused by the levels of methionine, 

vitamin E and selenium used; by difficulties in detoxifying the 
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high doses of the synthetic antioxidant butylated hydroxytoluene, 

and by the increased susceptibility of old animals to 

infectious diseases in both control and treated animals. 

Harman (102) reported a prolongation of the half-survival time 

(but not mean lifespan) of AKR mice fed antioxidants other than 

vitamin E. One per cent w cysteine-HCL extended the time by 14.5%, 

l% w hydroxylamine-HCL by 8.3% and 2% w hydroxylamine-HCL by 

17.0%. Also, a 45.0% increase in the 50% survival time of LAF 

mice occurred with 0.5% butylated hydroxytoluene and a 29.2% 

increase with 2-mercaptoethylamine-HCL (14). Kohn (103) in a 

similar study showed that antioxidants increased the 50% survival 

time of mice only when the control lifespan values were suboptimal. 

This was interpreted to indicate that antioxidants do not directly 

inhibit aging but inhibit some harmful environmental or nutritional 

factors such as the oxidation of essential dietary nutrients. 

Two other antioxidants, nordihydroguaiaretic acid (104) and 

ethoxyquin have also been reported to increase the half-time survival 

of mice. Comfort et al.(lOS) suggested that antioxidant prolongevity 

may be related to the increased ability of these compounds to 

induce activity of hepatic enzymes responsible for detoxification 

of nutrients. Walker et al. (106) showed that a marked decrease --
in the activity and inducibility of the drug-metabolizing enzymes 

occurs with age. Mice fed a diet containing 0.5% nordihydro-

guaiaretic acid, ethoxyquin or butylated hydroxytoluene, however, 

had increased liver weights, microsomal protein and cytochromes 

P450 and b
5

• From days 81-440, the microsomal protein of these 
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animals remained at about double the control level. N-propyl 

gallate, an antioxidant which does not extend the lifespan, 

did not induce these hepatic changes {106) • 

VI. Antioxidants and Cancer 

Persons residing in geographical areas naturally rich in 
• 

selenium exhibit a significantly lower death rate from cancer 

{107). Such observations have encouraged attempts to slow 

tumor growth in experimental animals by including vitamin E, 

selenium or other antioxidants in the diet. Several interesting 

·developments have emerged. For example, chemical transformation 

of hamster cells can be inhibited by antioxidants (108). Also, 

after feeding mice a diet including a mixture of antioxidants, 

it is possible to prevent the formation in irradiated skin of 

cholesterol-a-oxide, a carcinogenic photoproduct of ultraviolet 

light. This finding may eventually provide a basis for preventive 

measures against ultraviolet light-induced skin cancer (109). 

Harman (110) has shown that,· of two experimental groups 

of rats to which DMBA was administered by stomach tube, those 

which received a dietary supplementation of 20 mg vitamin 

E had a 40.0% incidence of tumors compared with a 73.6% 

incidence of tumors in animals receiving only 5 mg vitamin 

E. Similar protection was afforded by vitamin E. and selenium 

following topical application of DMBA to mice tlll) • Dietary 

vitamin E also decreases the number of malignant growths resulting 

from feeding with the carcinogens 3-methyl-4'dimethylaminobenzene 

(112) and methylcholanthrene {113) • 
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Besides vitamin E and selenium, other dietary antioxidants 

show some protection against cancer. Harman noted that inclusion 

of hydroxylamine-HCL in the diet markedly decreased the incidence 

of spontaneous tumors (102). This antioxidant also gave a 20% 

extension of survival time to mice innoculated with Ehrlich 

ascites tumor ( 114) • Butyl a ted hydroxy anisole and ethoxyquin 

were effective in inhibiting carcinogenic effects of diethyl

nitrosamine and 4-nitroquinoline-N-oxide in mouse lung (115) 

and benz[a]pyrene on the forestomach of the mouse (116). 

In a novel finding, Snipes et al. (117) have reported that 

infection of lipid-containing viruses is inhibited following 

their incubation with 0.1 rnM butylated hydroxytoluene. This 

has been interpreted as a structural effect of butylated hydro

xytoluene on the membrane, causing decreased viral attachment. 

The effects were not evaluated in terms of butylated hydroxytoluene's 

known radical-scavenging properties. 

Some Possible Modes of Protection--The molecular mechanisms of anti

oxidant protection against cancer are not well understood. Antioxidants 

may prevent the activation of various carcinogens to epoxides which 

are more effective than the parent compound in producing malignant 

transformation (118). Antioxidants agents would be expected to inhibit 

peroxidation reactions which affect DNA molecules in many deleterious 

ways. These include covalent reaction of carcinogens with DNA (119) 

and destruction of pyrimidine moieties (120). Shamberger (121) has 

shown that cells cultured with 7, 12-dimethyl-benzia]-anthracene (DMBA) 

22 



0 0 0 8 8 

had 63.2% more chromosome breakage than those cultures which contained 

both DMBA and vitamin E in the incubation medium. 

The results of Snipes et a!.suggest that membrane structural 

modifications with hydrophobic molecules may have anticancer activity, 

particularly with regard to viral cancer. A promising direction for 

• future research shouid be to load cellular membranes with appropriate 

types of hydrophobic molecules which would reduce viral infection and 

sequester potentially damaging environmental free radicals. 

Tumor Levels of Endogenous Protectors--The concentrations of endogenous 

molecules which normally afford protection against free radicals have been 

studied in neoplasms. In general, tumor tissue possesses high anti-

oxidant activity and low peroxidant activity (122). Thus, it has been _ 

observed that tumor tissues peroxidize less readily than their normal 

counterparts. Although intensive acceleration of peroxides occurs in the 

liver, adipose tissue and brain of tumor-bearing animals, lipid peroxides 

are not detected in the tumors themselves (123). This has been 

ascribed to the high antioxidant concentrations in tumors (124) . 

Tumors generally have decreased catalase activity (125-128) • 

Rats bearing ascites hepatoma cells were shown to have· a lower 

incorporation of 
14

c-leucine into liver catalase both in vivo and 

in vitro, suggesting that the decrease of catalase in tumor-

bearing rats is caused by a depression of its synthesis (128). 

In chronic leukemia and carcinoma, glutathione peroxidase is 

significantly less than normal (129) • Correlation of low pero-

xidase levels with high putrescine levels in leukemia, Morris 

hepatom& and Ehrlich ascites tumors has led to the interpretation 
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that putrescine binding and inhibition of tissue peroxidase 

may be an important step in the transformation process. Decreased 

peroxidase would result in elevated tissue peroxides and these 

in turn would lead to increased free radical formation ultimately 

damaging nucleic acids, enzymes and other cellular constituents 

to result in carcinogenesis and/or mutagenesis (130). 

VII. Concluding Remarks 

Analysis of the current evidence leads us to infer: 

1. That optimization of the cellular environment should delay the 

degenerative changes of senescence and may result in a modest 

extension of lifespan by enabling an organism to approach 

its full genetic potential, in a given environment. Further 

research is needed on a) identifying the toxic effects of 

pollutants and other ambient factors in our environment 

such as light and oxygen, on the components of our diet that contain 

damaging free radical substances and on b) identifying where, and at 

what levels damage is generated in a particular environment. 

2. That future experiments on antioxidant protection against cancer 

and aging are highly promising and warrant further investigation. 

Such studies will provide information on what combination of anti

oxidants in a particular environment afford maximum protection. 

Antioxidants may also be eventually considered as essential 

dietary ingredients, much like vitamins. 

Both of the above approaches directed toward preventing cancer 

and slowing aging would be considerably facilitated if the results 
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of experiments carried out with simple, more defined systems 

like cells in culture, would be correlated with animal experiments 

in order to eventually design more precise human nutritional 

studies. 
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Legend 

Fig. 1. Scheme showing the central role which free radicals may 

play in molecular damage to informational macromolecules related 

to cell aging and death [from Smith, (2)). 

Fig. 2. Scheme illustrating propagation of free radical damage 

to membrane phospholipids, laterally within the hydrophobic 

plane of a membrane, and the actions of vitamin E and glutathione 

peroxidase. Free radicals may arise from endogenous sources as 

from hydrogen abstraction by electron transport, or exogenously from 

substances in the environment or photochemical mechanisms. 
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