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(ABSTRACT) 

The aging phenomena is a process to which all organisms eventually 

succumb. The universality of this phenomena suggests that there may be one 

overwhelming factor involved. The exact biochemical basis of aging is still 

unclear. Free radicals such as the superoxide radical (02-) and the hydroxyl 

radical (OH"), formed in biological oxidation reactions may be responsible for 

cellular aging. Because of the high reactivity of the 0 2- and the OH" they can 

1 produce extensive damage to lipids, proteins, and nucleic acids. In this study 

we have developed an in vitro quiescent model using density dependent 

bovine embryonic lung fibroblast (SELF). The effect of this process on the 

antioxidant defense enzymes such as, the superoxide dismutases, catalase, 

glutathione reductase, glutathione peroxidase, and glucose-6-phosphate 

1 dehydrogenase, was studied. We have also extensively monitored the levels of 

free radical in the cell by both direct and indirect methods. The results indicate 

that no significant (p<0.05) changes in the activity of any of the major 



antioxidant enzymes in our quiescent model. Significant increases were 

observed in the intracellular levels of lipofuchsin (age pigment) with time, but no 

changes in the generation of free radicals were observed using electron spin 

resonance spectrometry, cytochrome c reduction or spectrofluorometric 

techniques (caution should be placed in statistical interpretation of the data 

because of the small sample size in some experiments). The transcriptional 

and translational controls of the one of the major antioxidant defense enzymes 

(manganese superoxide dismutase) in bovine embryonic lung fibroblasts, 

human pulmonary artery endothelial cells (HPAE) and bovine PAE cell lines 

were also studied. Our preliminary data suggest that inhibitors of protein and 

RNA synthesis both cause a significant decrease in the induction of the 

manganese SOD in bovine pulmonary endothelial cells. 
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Chapter 1 

LITERATURE REVIEW 

1 



2 

Literature Review 

1.1 Cellular Aging in Culture 

In the early twentieth century biologists believed that they had demonstrated 

immortality in isolated cell lines by keeping cultures of normal chicken heart 

fibroblasts alive and proliferating for 34 years [Ebeling, 1913]. Similar 

, observations were reported by a number of workers with mouse mesenchyme 

and human cervical carcinoma cells [Earle, 1943, Gey et al., 1952]. The cells 

could be grown continuously in culture without a decline in proliferative vigor. 

Thus, it was thought that cells were immortal and organisms mortal. In the late 

fifties Swim and Parker reported a limited life span for human embryonic and 

adult tissue derived fibroblasts grown in culture. In 1961, a classic study by 

Hayflick and Moorehead demonstrated that cells derived from a variety of 

1 human tissues were able to divide and multiply for a period of time but 

eventually would degenerate and die [Hayflick, 1965]. The characteristic 

growth pattern that cells would follow was an initial period of rapid multiplication 

when cultured from an organ explant. During this period of rapid multiplication 

many subcultivations were possible. Later, the proliferating capacity of the cells 

would decrease, intracellular debris accumulated, nuclear abnormalities 

appeared, and the culture would eventually die. It was later proposed that the 

limited replicative potential of human cells was an indicator of senescence at 

the cellular level [Hayflick, 1965]. 
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There are presently several lines of evidence arguing for the fact that aspects 

of aging in vivo are demonstrated in cell culture. There have been several 

studies done comparing the proliferative capacities of cells grown in vitro from 

donors of different ages. Hayflick [1965] showed that an average of twenty 

doublings occurred in cultures derived from human lung fibroblasts, whereas an 

average of 48 occurred in cultures derived from human embryos. Goldstein et 

al [1969] reported an inverse correlation between the age of the donor and the 

number of population doublings by cells derived from skin cultures. Similar 

observations were reported by other investigators who were able to show a 

significant decrease in the rate of fibroblast migration, length of in vitro life 

span, rate of cell replication and cell number at stationary phase when skin 

fibroblasts cultured from old donors (63 - 92 years) were compared to cells from 

young donors (21 -36 years) [See review Phillips and Cristofalo, 1987] . It has 

also been recently suggested that the population doubling maxima of normal 

embryonic fibroblasts in vitro are proportional to the mean maximal lifespan of 

the donor species [Rhome, 1981 ]. This proportionality has also been shown to 

occur in circulating mammalian erythrocytes. 

Many recent studies have focused on the in vivo and in vitro proliferative 

aging characteristics of non-fibroblast like cell types. Decreased incorporation 

of tritiated thymidine into DNA was observed in old lymphocytes treated with 

phytohemagglutinin (PHA) verses young lymphocytes. Monocytes from old 
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human donors are less responsive to PHA stimulation than cells from young 

human donors [Oleary, 1985]. However, the difference in response could be 

alleviated if serum pooled from both young and old donors was used to pretreat 

the monocytes. Articular chondrocytes derived from old versus young rabbits 

show a decline in all of the cartilage growth characteristics. These include 

decreased cell number at confluency, increased population doubling time, and 

and increase in cell volume [Adolphe, 1983]. Evans and Georgescu [1983] 

found that the proliferative lifespan of articular-cartilage derived cells from 

humans, dogs and rabbits were directly related to lifespan of the donor species. 

They also reported that proliferative capacity of rabbit chondrocytes was 

inversely proportional to the age of the donor. 

A study focusing on the regulation of collagen synthesis in chick chondrocytes 

indicates that switching from type I to type II collagen synthesis occurs as 

cultures of these cells become senescent. This switch over is known to be 

controlled by 5-bromo-2'-deoxyuridine [Mayne et al, 1984]. 

In recent years a variety of reports have appeared concerning non-fibroblast 

cell lines displaying a variety of differentiated characteristics. The introduction 

of cell culture lines from organs that display time dependent changes are of 

great importance for the development of an in vitro aging system. The study of 

cellular senescence in cultured endothelial cells is particularly relevant. Rosen 

[1981] and co-workers have established bovine endothelial cell cultures and 
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described their growth and aging characteristics. The general growth 

characteristics are similar but not identical to human fibroblast. Several tissue 

specific functions are observed. All cells express factor VIII related antigen 

throughout their lifespan with little or no changes seen in its expression [Rosen, 

1981]. Angiotensin converting enzyme has also been suggested as a marker 

for these cells. However, its regulation is fairly complicated and appears to be 

dependent on cell density and in vitro age [Rosen, 1985]. Human endothelial 

cells have also been successfully cultured. These cells have been cloned using 

endothelial cell growth factor and heparin [Thornton et al, 1983]. 

The use of cells derived from patients with Werner syndrome, a hereditary 

premature aging disorder, are extremely valuable as models of premature 

aging. Although there is a significant decrease in the life span of fibroblasts 

derived from Werner syndrome patients, there is a great degree of variability 

among parallel cultures. Experiments involving the fusion of normal fibroblasts 

with fibroblast from Werner syndrome patients show markedly reduced 

incorporation of tritiated thymidine in fused cells as opposed to normal cells, but 

not as great as Werner syndrome cells. Both nuclear and cytoplasmic factors 

appear to be involved in the decrease in proliferative capacity of the Werner 

syndrome cells [Phillips and Cristofalo 1987]. 

The transformation potential of Normal diploid cells which have a limited life 

span has become a major focus of research for the purpose of creating 
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biological models for aging and tumors. Until recently the only way of 

transforming normal human cells was by infection with DNA tumor viruses. 

However, recently several studies have demonstrated alternate methods of 

transforming normal diploid cells. 

A variety of carcinogens such as N-acetoxy-2-acetylaminofluoren 

[Zimmerman and Little, 1983], benzo(a)pyrene [Stanpfer and Bartley, 1985] 

have been shown to increase lifespan of normal human fibroblasts and in some 

cases produce cell lines with apparently indefinite lifespans. Although these 

cell lines exhibit an extended life span the demonstration of the factors leading 

to complete transformation are variable. These factors include immortalization, 

ability to produce tumors in vivo, and anchorage independent growth in culture. 

Another method by which cells may be transformed is via the direct injection of 

whole cell DNA or specific sequences such as certain oncogenes. Primary rat 

embryo fibroblasts transfected with the human ras proto-oncogene showed no 

tumorogenic effect unless ras was injected with tmyc or polyoma large T [Land 

et al., 1983]. Similar studies cotransfecting the ras or polyoma T with the 

adenovirus early region 1 A (AD1 A) also showed tumorogenicity . When AD1 A 

was solely transfected extended lifespan was observed without tumorogenicity 

[Ruley, 1983]. Taken together these data suggest a separation of 

immortalization and tumorigenic function. 
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Kano and Little [1985] have looked at the mechanism of X-ray induced 

transformation of human cells. X-irradiation produces random chromosomal 

rearrangements in clones. In only one case did X-irradiation extend the life 

span but the cells all became senescent. The authors suggest that the 

mechanism by which X-rays increase life span may be different from the 

process controlling transformation. 

The complexity of the mechanism by which life span can be extended is seen 

in the process of complete transformation. An understanding of this multistep 

mechanism will eventually help develop a model for cellular aging. 

It is quite apparent that the ability human diploid cells to divide decreases with 

age. Accumulation of DNA damage might overwhelm the old cells capability for 

DNA repair. Human fibroblasts have been used as a model to establish a 

correlation between increasing in vitro age and the ability to repair UV-induced 

damage. However, the relationship between accumulated DNA damage, DNA 

repair mechanisms, and in vitro aging has not quite been defined. In several 

instances most of the characteristics of senescent cells develop before the 

onset of repair deficiencies. In one case an increase in DNA synthesis was 

observed in senescent human fibroblasts. Various inconsistencies are 

observed when dealing with fibroblasts that are deficient in repair enzymes. 

The life span of these deficient cells is either as long or longer than normal cells 

[Cleaver, 1984]. 
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Several studies have focused on the increased activity of repair enzymes. 

Dell Oreo and Whittle [1978] reported that the increase in unscheduled DNA 

synthesis is not due to an increase in the amount of excision repair of UV 

induced lesions but to an increased accessibility of the repair enzymes to the 

damage caused by in vitro aging. A report report by Francis [1981) correlated 

the amount of excision of UV induced lesions to maximum life span of several 

mammalian species. Several other laboratories were unable to demonstrate an 

age related decrease in excision repair capacity in various cell lines [Cristofalo, 

1987). 

The many factors involved in regulating aging in cell culture have been 

studied with a great degree of speculation. Much of the research has involved 

cell fusion experiments which interact transformed cell lines with normal cells. It 

has generally been observed that when a SV40 or adenovirus transformed cell 

is fused with a senescent fibroblast, DNA synthesis was reinitiated in the 

senescent nuclei [Norwood et al, 1975). Stein and Yanishevsky [1981] showed 

that DNA synthesis was negatively controlled in both quiescent and senescent 

human diploid fibroblasts. They fused quiescent or senescent cells to 

replicating cells and the initiation of DNA synthesis was inhibited while ongoing 

synthesis was unaffected. These data suggest that both quiescent and 

senescent cells contain inhibitors to the inttiation of DNA synthesis. A question 

that arose was whether both quiescent and senescent cells were regulated 
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similarly. One study demonstrated that senescent cell inhibition of DNA 

synthesis could be blocked by short treatments with the inhibitors of protein 

synthesis, cycloheximide and puromycin [Burmer et al., 1982]. No effect was 

observed when quiescent fused cells were treated with these inhibitors. This 

indicated that quiescent cells were indeed different from senescent cells. This 

inhibitory activity has been traced to total poly(A) RNA derived from senescent, 

and quiescent cells. 

Due to the similarities in the DNA synthesis inhibitory activity in quiescent and 

senescent cells it is thought that both cell lines may have a common GJG1 

arrest point. Several lines of data suggest that aging causes a decline in the 

cells ability to respond to mitogens which may activate growth and proliferation. 

Quiescent cells react in similar manner by reaching this dormant state after 

being supplied a mitogen- free media. A series of studies by Cristofalo et al. 

support a late G, block in senescent cells. They reported an induction of 

thymidine kinase activity and thymidine triphosphate synthesis in senescent 

cells, both of which occur in the late G, phase of the cell cycle. Cristofalo 

[1976] also showed that the fluorescent staining of senescent cells with 

quinacrine dihydrochloride is characteristic of late G, . Other work has focused 

on the expression of 11 cell-cycle dependent genes. Upon serum stimulation of 

quiescent and senescent qultures all genes were seen to be expressed 

similarly [Rittling, 1986]. These data suggest that young and old cells may react 
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in much the same way to physiological mitogen deprivation, the one exception 

being in their abilities to synthesize DNA. This would implicate a block in 

senescent cells at the S or late G1 phase of the cell cycle. 

Several laboratories have looked at the ability of senescent cells to respond 

to and produce hormones or growth factors. There apparently are no 

differences between young and old cells to initiate protein breakdown in the 

presence of insulin, epidermal growth factor, or serum , but there was a large 

reduction in the ability of old cells to increase protein synthesis. In this case 

aging may be the result of a debilitated protein synthetic pathway [Ballard and 

Read, 1985]. 

A wave of research has been directed towards the elucidation of any 

differences between the EGF receptor complexes of young and senescent cells 

[Phillips and Cristofalo, 1987]. The most striking data is that tyrosine kinase 

activity is decreased in senescent cells and a complete loss of phosphorylation 

of immunoprecipitated EGF receptors while no changes are observed in young 

cells. This difference in the autophosphorylation of immunoprecipitated 

senescent EGF receptor as opposed to the young cell EGF receptor indicates 

that changes may be occurring in the stability and tertiary structure of senescent 

EGF receptors and these subtle changes may explain losses in mitogenic 

responsiveness. 
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The use of cell culture as model systems for aging is still very speculative. 

The degree of similarity between aging in vivo and aging in vitro is the critical 

aspect of using cells in culture as a model system. Comprehensive studies by 

Schneider and Mitsui (1976], which compared the biochemical aspects of cells 

from young and old donors with those of early and late passage cells are 

invaluable. They reported that fibroblast migration, in vitro life-span, and 

replication rates were decreased in old donor cells as well as in late passage 

cells. Other similarities in cells associated with age diseases, late passage 

cells, and cells from old donors include a reduced response to 

nonsuppressable insulin like activity as measured by stimulation of DNA 

synthesis was seen. Although these similarities do arise there are also host of 

modifications that occur in in vitro late passage cells which are not observed in 

vivo. For example, no residual bodies found in late passage cells are observed 

in aging subjects, and no increases are observed in protein, RNA, and size of 

cell in vivo as in vitro. The fact that there are many differences between the in 

vitro and in vivo systems means that although cells in culture may turn out to 

be a valid model for studying the underlying mechanisms of aging they are not 

accurate enough to explain in vivo metabolic interactions. 
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1.2 Free Radicals and Aging 

Aging is defined as the progressive accumulation of changes with time 

associated with or responsible for the ever increasing likelihood of disease and 

death which accompanies advancing age. All of these changes are the result of 

the aging process. Most likely aging is the result of a variety of independent 

processes, but since aging and death are universal phenomena one might 

believe that there is a single important factor which is responsible for these 

processes. Many of the factors implicated in aging process can be related to 

free radical attack. Harman [1968] first proposed that free radicals cause DNA 

damage that may exceed the cells repair capabilities. Cross-linking which 

results from radical damage can cause irreversible damage to genetic 

apparatus, and can lead to errors being introduced during the synthesis of 

information molecules. Direct effects such as the damaging of membranes by 

peroxidation can lead to the loss of the cells ability to regulate the internal and 

external metabolites. All of these factors can play a role in the mechanistics of 

aging. 

The foundation for the free radical theory of aging is as old as the origin of life 

on earth. The basic components of life on earth amino acids, nucleotides, and 

basic chemicals were produced from the free radical reactions of the chemicals 

present in the early atmosphere. This was due to the ever present ionizing 
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radiation from the sun. From these initial reactions cells and multicellular 

organisms have evolved, building into themselves defenses against radical 

reactions (Cairns-Smith, 1971 }. The cell has developed a complex defense 

system to protect against free radical damage. This defense is composed of 

Antioxidants which include both low molecular weight chemical constituents 

and specific radical scavenging enzymes [de Duve and Hayaishi, 1978 ; Fiche 

and Gurgies, 1976 ; Michaelson, 1977 ; Ames, 1981; Fridovich, 1986]. 

The initial theory of sun-induced radicals necessary for the evolution and 

origin of early cells, have been replaced by enzymatic and non-enzymatic 

reactions. The knowledge of these free radical reactions in biological systems 

have increased rapidly since the 1960's. Enzymatic reactions serving as 

sources of free radicals are involved in the respiratory chain [Chance, 1979 ; 

Harman, 1972 ], phagocytosis [Rossi et all, 1982], in prostaglandin synthesis 

[Porter, 1980], and in the Cytochrome P-450 system [Sato and Omura, 1978]. 

Radicals are also produced by nonenzymatic reactions of 02 with organic 

compounds [Scott, 1965]. 

The free radicals formed in the above reactions include 0 2-, HO", ff, RO", R02° 

as well as singlet oxygen. These radicals are continuously produced in a 

myriad of reactions which benefit cells. However, these same reactions may 

also be involved in many pathologies. 
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One way of decreasing the damage caused by free radicals is via dietary 

manipulation. A multitude of studies have looked at the effects of controlled diet 

on free radical production and in vivo life span have been able to produce 

positive results. For example, dietary antioxidants increase the lifespan of mice, 

rats, fruit flies, nematodes, and rotifers [See review Harman, 1986]. In one case, 

addition of 1.0%(wt/wt) 2-mercaptoethylamine to the diet of male LAF1 mice 

[Harman, 1968A] increased the average life span by 30%. It has been fairly 

easy to increase the average life span by dietary manipulation in these 

organisms, this is most likely due to the beneficial effect on preventing disease, 

but no increase in the maximum life span has been observed. 

Much of the support for the free radical theory of aging comes from 

explanations that it provides for the aging phenomena itself and the solutions it 

provides for many phenomena that are observed with aging. These include: 

1) the inverse relationship between the average life spans of mammalian 

species and their basal metabolic rates, 2) the clustering of degenerative 

disease in the latter portion of life, 3) the exponential portion of the mortality 

curve, 4) the observation that antioxidants that increase average life span of 

mice depress body weight and fail to increase maximum life span, and 5) the 

beneficial effects of caloric restriction on life span and degenerative diseases. 

Many of these arguments can be explained by the involvement of free radicals 

in mitochondrial aging [Harman, 1986]. 
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Mitochondrial components are normally at steady state levels with respect to 

synthesis and turnover. Mitochondrial mass may increase through the 

incorporation of new constituents, but mitochondrial number is controlled by 

either fusion or simple division. The repair of mitochondria and mitochondrial 

DNA (mtDNA) is less than the damage produced by free radicals therefore 

damage may accumulate with time. This cumulative damage may cause 

breakdown in function of the mitochondria or even conversion into age pigment. 

Approximately 90% of the 0 2 used by mammals occurs in the mitochondria. 

Thus, mitochondrial aging should be proportional to 0 2 consumption. 

Oxyradicals affect the steady state levels of the mitochondrial inner membrane 

components [Chance, 1979; Nahl, 1982]. The types of oxyradical damage seen 

in the mitochondria include, 1) peroxidation of lipids [Hegner, 1980), 2) 

decreased membrane fluidity and increased fragility [Nohl, 1978], 3) saturation 

of lipids, 4) change in enzyme activity [Nohl, 1971] and 5) decrease in active 

ATP and ADP transport [Nohl, 1982], all of which lead to a decreased functional 

capacity of the mitochondria. 

The effects of free radical on the mtDNA may or may not play a role in both the 

stability and function of the mitochondria. Damage to mtDNA which codes for 

integral components of the mitochondrial inner membrane is thought to be a 

major factor in mitochondrial aging [Flemming, 1982]. Recent studies using a 

number of restriction enzymes to probe for deletions, insertions, or 
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rearrangements in the mtDNA have shown that unlike certain fungus [Vierney et 

al., 1982] age related deletions do not occur in human fibroblasts [Burnn and 

White, 1985]. Burnn et al. also believe that mt DNA damage is negligible with 

time due to the difference in the genetic code of mitochondria. The major 

difference is that four mitochondrial codons are read by one tRNA, so if one 

base mismatch were to occur the codon would still be processed due to its 

wobble properties. This mechanism may account for the decrease in repair of 

mt DNA. Although, the capability of the mitochondria to process its DNA is not 

effected by small mutations, free radicals are still in abundance and affect other 

properties of the mitochondria. 

A 25% increase in free radical formation has been reported in old (23 

months) verses young (3 months) rat heart mitochondria [Nohl and Hegner, 

1978]. Subsequently, the authors looked at the protective effects of superoxide 

dismutase, catalase and glutathione peroxidase on the peroxide metabolism of 

mitochondria and were able to attribute 15% of the protection to glutathione 

peroxidase. 

The integrity of the mitochondria might depend on its ability to function in the 

presence of increasing concentrations of free radical species. The 

concentration of 0 2 present in the mitochondria leads to the theory that free 

radicals are involved in its degradation or senescence. This is supported by 

these age related signs e.g., decrease in mitochondrial number, accumulation 
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of lipofuscin like material, impairment of state-3 respiration, and increased flux 

of 02- from the mitochondria. A breakdown of these integral cellular organelles 

with time will eventually degenerate the organism as a whole. 

Maximum life spans of mammalian species are inversely proportional to their 

basic metabolic rates (BMR). Those species with high BMR are shortlived as 

opposed to those species with low BMR and is proportional to the 0 2 uptake. In 

other words, the amount of 0 2 consumed in high BMR mammals is greater than 

the amount used in low BMR mammals. Thus, higher BMR animals should 

have a greater loss of mitochondria and state-3 respiration than low BMR 

animals. This would imply that the greater the rate of 0 2 consumption the time 

required to cause death should be shorter. 

The accumulation of degenerative disorders in the terminal portion of life span 

in different mammalian species may be related to differences in free radical 

reaction levels. These levels are determined by the 0 2 consumption rate and 

by changes which occur in the mitochondria. Free radical reactions are 

implicated in a variety of diseases, including two major age disorders, cancer 

and artherosclerosis [Yagi, 1986]. The clustering of these disorders in the 

terminal portion of life could be related to an increase in the free radical 

reaction level. 

The exponential nature of the mortality curve in humans may be in part due to 

an excess in free radical reactions [Augustin and Berry, 1983], or the decrease 
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in the antioxidants ability to inhibit free radical chain reactions. Initial oxidative 

changes in lipids are slow and becomes faster as the antioxidants are 

consumed through the inhibition of the free radical reactions. A study 

correlating a decrease in antioxidant levels with age demonstrated that the 

accumulation of inactive enzymes with age is apparently due to attack by oxy-

radicals on histidine and other oxidizable amino acids at the metal binding 

sites of specifec proteins [Fucci et al., 1983]. 

Another manifestation of increased age in both human and animals is an 

autoimmune response. It has been found that by using immunodeficient NZB 

mice which loses T-cell suppressor response early in life, mimicking the 

response observed in old mice. If these strains are fed alpha tocopherol, 

santoquin or NaH2P04 shortly after weaning, the average lifespan is increased 

by 7.1, 32.1, and 1.3% respectively [Harman, 1980a]. These data seem to 

support an increase in endogenous free radical production occurring with the 

autoimmune response that develops with increasing age. 

Many studies have also concentrated on the effects of caloric restriction and 

antioxidant supplementation on prolonging the lifespan of an organism. The 

increase in lifespan will continue until decreases in oxidative phosphorylation 

begin to take place and then the trend will be reversed. This is supported by 

evidence that the average lifespan of mice is shortened when a diet containing 

0.5%/(wt.) of butylated hydroxytoluene and 0.5% /(wt.) vitamin E is fed to the 
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mice [Harman, 1968b]. However, if either compound were fed alone the life 

span was increased. 

Caloric restriction has been used to increase the maximum life span this may 

be due in part to a decrease in mitochondrial aging. It has been shown that 

calorie restricted mice have more cells per gram body weight than those with an 

unrestricted diet, although 0 2 consumption rate stays the same. This suggests 

that 0 2 consumption is less in cells from mice on a restricted diet than cells from 

mice on a non-restricted diet [Masoro et al., 1982]. Overall the 0 2 consumed 

throughout the lifespan by restricted and non-restricted animals is essentially 

the same. Thus, the beneficial effects of caloric restriction on life span may be 

primarily due to a decrease in mitochondrial degradation and secondarily to 

decreased rates of 0 2 consumption. 

Free radical reactions have been implicated in the aging process. Many 

investigators were able to relate free radical induced damage to aging both in 

vivo and in vitro. The main arguments for the role of free radicals are listed in 

Table 1. 

The ubiquitous nature of free radical reactions in biological processes and 

specifically the aging phenomena itself are supported by the statements above 

and by the nature of the free radicals themselves. 
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Table I. Aging Phenomena Accounted for By the Free 
Radical Theory of Aging 

1 . The inverse relationship between average lifespans of mammalian 
species and their basal metabolic rates. (Harman, 1986) 

2. The clustering of degenerative diseases in the terminal part of the 
lifespan. (Fucci et al, 1983) 

3. The exponential nature of the mortality curve. (Augustin and Berry, 1983) 
4. The increase in autoimmunity with age. (Harman, 1980) 
5. The increase in life span produced by food restriction. (Harman, 1968) 

1.2.1 Free Radical Reactions 

A free radical is defined as any species capable of independent existence that 

contains one or more unpaired electrons. The presence of this one or more 

unpaired electrons causes the radical species to be highly reactive. Many 

radicals are important biologically and of concern to us are the radicals derived 

from oxygen. 

Oxygen in its ground state or dioxygen form is a radical since it contains two 

unpaired electrons in different 1t* antibonding orbitals. These electrons have 

the same spin quantum number or are oftenly referred to as having parallel 

spins (Figure 1 ). The dioxygen molecule is the most stable state of oxygen. 

Oxygen is considered a good oxidizing agent. If 0 2 is to oxidize a molecule by 

accepting a pair of electrons from a neighboring molecule which contains 

antiparallel spins, they can not fit into the 7t* orbitals because the orbitals will 

have parallel spin electrons (Pauli's exclusion principle). This restricts the 

reaction of 0 2 with many non-radical species and allows 0 2 to accept electrons 
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Figure 1. Bonding in the diatomic oxygen molecule. 
[ Halliwell and Gutteridge, 1985] 

one at a time. The spin restriction of of oxygen fortunately slows its reactivity 

with many organic compounds in the body otherwise we might spontaneously 

combust at any moment [Halliwell and Gutteridge, 1986]. 

Another reactive species of 0 2 formed is singlet oxygen. Singlet oxygens can 

be formed by the input of energy, for example, either by the reaction of H20 2 

and hypochlorite ion ("OCI), or by various photosensitized reactions. Both 

reactions are biologically relevant since -oc1 can be formed by the enzyme 

myeloperoxidase during phagocytosis and photosensitization reactions occur 

when pigment sensitizers such as chlorophyll, retinal, flavins, porphyrin and 

bilurubin are excited by photoirradiation. 
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There are two forms of singlet oxygens, the '.1g 0 2 state having an energy of 

22.4 kcal above the ground state and the 'Lg+ state with an energy of 37.5 kcal 

above the ground state. The 'Lg+ state of singlet oxygen rapidly decays to the 

·~g state in biological systems. When referring to singlet oxygen the '.1g is most 

commonly used. In singlet oxygen the spin restrictions are removed so the 

oxidizing ability is greatly increased [Halliwel and Gutteridge, 1985]. 

When a single electron is added to ground state 0 2 it must be added in to one 

of 1t* antibonding orbitals. The resulting product is the superoxide radical, or 

0£ . _Addition of a second electron would form the peroxide ion o/·. As the 

extra electrons in 0 2- and ot enter the 1t* orbitals of 0 2, the strength of the 

covalent 0-0 bond decreases. In ground state 0 2 the atoms are bonded by two 

covalent bonds; in 0£ by only 1.5 bonds; and in o/· only one bond. The 3rd 

electron reduction would make the molecule unstable and would break the 0-0 

bond, leading to the formation of ·oH. In biological systems the two electron 

reduction product is H20 2 and the four electron reduction product is water. The 

weak 0-0 bond found in H20 2 can decompose readily (1), via homolytic fission, 

to give the hydroxyl radical. 
Energy 

(1) 

The dissociation of ground state 0 2 by energy and then the reactions of these 

dissociated molecules with dioxygen form ozone (03 ). Ozone causes severe 

damage to the lungs. Recent concern has arisen toward what effect the 
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depletion of the ozone layer in the upper atmosphere will have on life on the 

earth's surface, since ozone prevents a large portion of the damaging UV 

irradiation of the sun from reaching us. 

Many of the transition metals containing unpaired electrons, are radicals, and 

are also of great biological importance. All the transition elements are metals 

and there most important aspect as radicals involve their variable valency which 

allows them to undergo one electron oxidation state changes. For example if a 

ferrous sulfate solution is left exposed to air it is slowly oxidized to the Fe3• state 

with the concurrent reduction of oxygen (2) in solution to 0£. 

Copper exists in two valence states: Cu(I) and Cu(ll). Under appropriate 

conditions copper can both donate and accept electrons from 02-.(3) 

Cu2+ + 02 ___ _,.,.."'-cu+ + 02 

cu++ 0£ ... cu2+ + 022-

02 2- + 2H+ .... H202 (3) 

The variable valency of transition metals allows them to act as catalysts for 

many redox reactions. Many oxido-reductases contain transition metals in their 

active sites to catalyze this type of reaction. 

Pure H20 2 is unreactive but in the presence of transition metal ions such as 

iron it decomposes to give the hydroxyl radical (OH"). This reaction (4) is 
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referred to as the "Fenton reaction". Hydroxyl radicals are among the most 

reactive species known in organic chemistry. They will attack and damage 

almost every molecule found in living cells [Halliwell, 1981 ]. 

(4) 

1.2.2 Free Radical Reactions in Biological Systems 

Although most 0 2 reduction products in aerobes form water, several cellular 

enzymes catalize oxidation reactions in which a single electron is transferred 

from a substrate to 0 2 to form a superoxide radical. Examples of enzymes and 

systems which do this are many metallo-flovoproteins such as xanthine oxidase 

dihydroorotate dehydrogenase, etc., [Halliwell, 1981 ]. 

Superoxide can also be produced during the autoxidation of the reduced 

forms of many compounds present in vivo such as; ferredoxin, adrenalin, 

flavins, components of the electron transport chain, in chloroplasts, in animal 

and plant mitochondria and in the endoplasmic reticulum. Due to the 

abundance of systems which produce oxyradicals one would expect for these 

reactions to be occurring rather frequently in aerobic systems [Misra and 
' . 

Fridovich, 1971; Misra and Fridovich, 1972a; Misra and Fridovich, 1972b; Misra 

and Fridovich, 1972c; Misra, 1974; Fridovich, 1978]. 
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cyt c (Fe:.i~ + 0£ -.cyt c (Fe:.l+) + 02 

SH2 + H+ + 0 2- - SH"+ H20 2 
(5) 

In aqueous solutions 0 2- can act as a strong reducing agent or a weak 

oxidizing agent. It is capable of reducing cyt c (5) or it oxidizes molecules such 

as ascorbic acid and adrenalin to form H20 2 (5) [Halliwell, 1981 ]. The 

protonated form of 0 2·, Ho2• is a more powerful oxidant than 0 2- itself [Sawyer 

and Valentine, 1981] but since its pKa for is 4.88 there is little Ho2• present at 

physiological pH values [Fridovich, 1974]. 

0 2• also oxidizes thiol compounds such as glutathione but these reactions are 

relatively slow. 0 2- in aqueous solutions is also capable of undergoing 

dismutation, but this reaction is relatively slow. The dismutation reaction can 

occur by the formation of Ho2• and occurs rather quickly. Dismutation is rapid 

at acidic pH but is much slower at physiological pH, k < 0.03M-1sec·1 [Fridovich, 

1979]. The resultant slow reactivity of 0£ allows it to have a significant lifetime 

in biological systems (6). This may allow it to diffuse away form its site of 

formation and reach other parts of the cell [Fridovich, 1974]. 

02- + 02- + 2H+ •H202 +02 

HO£v-Gi-+ H+ • H202 +02 K = 8 X 107 M·1sec-1 
(6) 

H02"+H02" • H202+02 K= 8 X HP M·1sec-1 
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Even though 0 2• is fairly unreactive in biological systems as compared to 

species like the hydroxyl radical and singlet 0 2 , systems which generate 0 2• 

have been observed to kill bacteria, inactivate viruses. damage enzymes and 

membranes, induce lipid peroxidation and destroy cells in culture [Fridovich, 

1979]. 

The deleterious effects of 0£ in many instances are thought to be indirect 

effects. The mixture of 0 2- and H20 2 in the presence of Fe(lll) generate the 

reactive oxidant hydroxyl radical (OH"). This reduction of H20 2 by 0£ is 

refferred to as the Haber-Weiss reaction (7) [Halliwell and Gutteridge, 1985]. 

Fe3+ complex+ 0 2- --11 .. ~Fe2+ complex+ 0 2 

Fe2+ complex + H20 2 ... OH· + OH- + Fe3+ (Fenton) 
(7) 

The generation of H20 2 in quantities sufficient to carry on the above reaction 

are made available by the dismutation of 0£ suggesting that some of the 

damaging effects observed earlier may have been due to the production of the 

potent oxidant OH'. 

1.3 Free Radical Damage 

Many individuals believe that 0 2• plays only an indirect role in radical 

mediated damage. A recent review by Fridovich [1986] implicates 02· as a 

direct cause of cellular damage. Much of the evidence collected correlates the 
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protection by superoxide dismutase from cellular damage and lack of protection 

by catalase. 

The inactivation of catalase and glutathione peroxidase by 0£ leaves the 

affected cells less able to deal with H20 2 and hydroperoxides [Rister and 

Bahner, 1976]. 0£ is directly involved in the production of a chemotoxin seen in 

the inflammatory response in neutrophils. 0 2- can also oxidize thiamine 

pyrophosphate at the active site of transketolase to prevent the transfer of 

glycoaldehyde moiety from keto to aldo sugars and thus disturb this major 

metabolic process . Lactate dehydrogenase can catalyze the oxidation of 

NADH by 0 2- while vanadate and molybdate catalyze the oxidation of NADPH 

by 0£. In each case a great loss of reducing power is observed. 02- also 

causes the release of iron from ferritin leading to Fe avalilability and an 

enhancement of the Haber-Weiss reaction. SOD can prevent this from 

occurring. 0£ can cause damage observed in erythrocyte membranes and 

stroma, This damage is inhibited by SOD but not by catalase (Fridovich,1986]. 

0 2- administered to rat lung airways via a xanthine, xanthine oxidase system 

results in an increase in the release of 1251 albumins. This damage was 

prevented by SOD but not by catalase. 

These few examples of 0£ damage in living cells broadens the scope to 

which oxyradical damage should be considered and the important protective 

role that SOD plays in the cell. One cannot minimize the role of the metal-
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catalyzed Haber-Weiss reaction. These data demonstrate that 0 2- is a harmful 

species and may be predominate in many instances of free-radical damage. 

1.3.1 Lipid Peroxidation and Membrane Damage 

The autoxidation of lipids was one of the first aspects of free radical chemistry 

to be studied. As early as 1820 the uptake of 0 2 by walnut oil over a period of 

several months was studied. The walnut oil was capable of taking up 

approximately 145 times its own volume of 0 2, The oil then sank to the bottom 

of the water in the experiment and did not show any characteristics of an oil spot 

on paper. Many further studies were undertaken at the turn of the century due 

to the onset of problems which were encountered with food preservation. 

Initiation of peroxidation of a membrane or polyunsaturated fatty acid occurs 

when an attack of any species with enough reactivity to remove a hydrogen 

atom from a methylene group. This species will leave a carbon-centered 

radical (C") on the fatty acid. A molecular rearrangement then takes place to 

form a conjugated diene (figure2). This diene then easily reacts with an oxygen 

molecule to give a peroxy radical, R-oo·. Peroxy radicals can react with 

another lipid molecule in a process similar to a chain reaction. This 

propagation event occurs rapidly and spontaneous ignition of oil samples can 

occur. The peroxy radical combines with the lipid it extracts to form a lipid 

hydroperoxide. This reaction will continue until a substrate is consumed or the 
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Figure 2. Mechanism of Lipid Peroxidation 

radicals form non-reactive species (chain termination reaction). Many 

alternative fates of peroxy radicals are shown in figure 2. 

Lipid peroxides are fairly stable compounds but in the presence of transition 
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metal complexes these peroxides can decompose to form peroxyal and alkoxyl 

radicals which have sufficient reactivity to initiate further peroxidation (8). 

Fe+Cu 
2LOOH Ions ..... LO" + L02" + H20 (8) 

The abstraction of hydrogen from lipids occurs in the presence of the OH' (k= 

5X108M·1s·1) which is produced in vivo via Fenton chemistry, as previously 

discussed. This reaction is not inhibited by the addition of OH' scavengers and 

is enhanced by the addition of ferrous salts. This is due to the association of 

ferrous ions with lipids and the concomitant formation of alkoxyl radical which 

are not scavenged by OH' scavengers [Gutteridge, 1984c]. 

The biological effects of lipid peroxidation may be overwhelming and result in 

structural damage to membranes with the corresponding release of cell and 

organelle contents, loss of essential fatty acid, loss of antioxidant protection, 

and the formation of cytotoxic aldehyde and peroxide by-products. The 

damage to the cell membrane may be small but may allow the membrane to 

become leaky and even release hydrolytic enzymes from compartments within 

the cell increasing the degree of oxitdative damage [Gutteridge, 1978] 

The toxic effects of the oxidation products such as secondary carbonyls are of 

particular importance. These products display a great deal of biological activity, 

such as antimicrobial, anticancer/carcinogenic, chemotactic, thrombin-

generating, and protein cross linking effects [gutteridge et al, 1986]. 
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One of the consequences of in vivo lipid peroxidation are the accumulation of 

age pigments. These are complex, insoluble polymeric deposits of oxidized 

lipid, transition metals and protein which display a characteristic fluorescence. 

1.3.2 Age pigments 

The name lipofuschin has been given to age pigments, which seems to 

constitute a heterogenous group of substances which have characteristic 

physico-chemical properties, including a natural yellowish green fluorescence 

when excited with ultraviolet light. The material is thought to be formed by the 

interaction of lipid peroxides with the polymerization of substances rich in 

amino groups such as phospholipids and proteins. (Figure 3). 

Although there is a large pool of knowledge on lipopigments, only 

generalizations on the nature and structure of lipopigments can be made. This 

may be due to the varying components and characteristics of age pigment. 

Lipopigments are primarily intracellular substances characterized by a variable 

degree of natural color, autofluorescence, apolarity, high molecular weight, 

relative resistance to extraction with organic solvents, and by acid fastness. 

Their ultrastructure is considered heterogenous. Inside the cells they are 

localized in the lysosomal system. Pathogenically lipopigments originate from 

unsaturated lipid through peroxidation and subsequent polymerization and 

copolymerization especially with proteins. The majority of lipopigment 
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Figure 3. Biochemical pathway for formation of fluorescent pigment. 
(Fr?m Reddy et al., 1981.) 

knowledge involves the mechanism of pigmentation and the physical properties 

of the resulting polymer. The main implications are that age pigments can only 

be identified on the basis of certain physical properties [Elleder, 1981 ]. 

The method of choice for qualitative and quantitative analysis of lipopigments 

involves the detection of their characteristic autofluorescent properties. In many 

in vitro experiments the conjugated schiff base N,N'-disubstituted-1-amino-3-

iminopropene (9) was established as the universal fluorogen resulting from the 

condensation of malonaldehyde produced during lipid peroxidation with amino 

groups of proteins, amino .acids, phospholipids, and nucleic acids [Sedlock and 

Tappel, 1973]. The variation of spectral characteristics may be due to different 

electron donating strength of the amino copolymer [Malshet and Tappel, 1973] 
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which are influenced by neighboring substituents or to the different degree of 

unsaturation of the starting lipid [Fletcher et al., 1973]. Due to these variations 

little attention has been paid to the changing pattern of autofluorescence. 

RN=CH-CH=CH--NH==R (9) 

We are well informed on the mechanism of peroxidation, production of 

polymeric material and on its general physical and chemical properties, these 

processes are non-enzymatic in nature, non-specific and may be affected by 

many local factors. 

The origin of lipofuchsin is speculative and is thought to be derived from cell 

nucleus, golgi apparatus, mitochondria, lysosomes, neurofibrils or endoplasmic 

reticulum. The source and cause of these pigments are not well understood. It 

has been accepted that the accumulation of these pigments is directly 

correlated to oxyradical activity. Whether or not the production of these 

pigments can be reduced by the addition or enhancement of antioxidants is not 

know due to the variations in the data of this sort. 

What is known about age pigment is that they are a resultant product of 

increased age both in vivo and in vitro. Age pigments of cells in culture have 

similar characteristics to the material in post mitotic cells found in vivo . 

Characteristics include increases in residual body formation are observed as 
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human glial cells pass from phase II to phase Ill and proliferative rate and 

capacity decrease while residual body formation increases (Brunk et al., 1973]. 

Collins and Brunk et al. (1978] allowed human glial cells to grow to 

confluency, growth was then inhibited by density dependent inhibition without 

significant loss of cell viability or mitotic faculty. They found that the volume 

density of the cytoplasm taken up by residual bodies increased rapidly after 

growth inhibition and reached around 30% of the cell volume within four weeks. 

Longer periods of growth inhibition did not give rise to any further increase in 

the volume of residual bodies. If the growth inhibited cells were allowed to 

continue to log growth the mean residual body volume density was again 

decreased from 32% to the beginning 9.8%. From these data, it appears that 

growth inhibited cells continuously accumulate lipofuscin. Nandy and 

Schneider (1976] showed similar results in neuroblasotoma cells. It is also 

probable that mitochondrial lipids are one of the main sources of lipofuchsin in 

view of the numerous observations of mitochondrial degeneration in aging cells 

and of the abundance of potentially injurious free radicals in the respiratory 

chain during oxidative phosphorylation [Miguel et al., 1977]. "Why these cells 

accumulate lipofuscin is unclear but the same cells in vivo would take a lifetime 

to accumulate such levels of lipofuchsin. Thus, the above in vitro conditions 

are probably optimal for the formation of lipofuchsin" [Brunk and Collins, 1981 ]. 
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The similarity between in vivo and in vitro age pigments include, (1) 

increased levels of age pigment during growth inhibition, (2) localization of the 

age pigment in the perinuclear area and (3) the ultrastructural morphology of 

both in vivo and in vitro pigments are similar. There also seems to be an 

inverse relationship between longevity and the accumulation rate of age 

pigment in certain post-mitotic cells such as large nerve cells. Sohal and 

Donato [1979] have shown that age pigment accumulates faster in active short-

lived house flies than in inactive ones which have a much longer lifespan. In 

neuronal lipofuscinosis, a group of disorders which involve genetic disorders in 

metabolism, a rapid accumulation of pigment granules occurs with progressive 

cerebral degeneration and blindness. Accumulation is observed in all organs. 

This is thought to be caused by the inability of the affected cells to cope with 

peroxidative damage, due to a reduced level of protective antioxidant enzymes 

[Siakatos et al., 1978]. 

Although the controls of this phenomena are not yet clear, age pigments are 

no doubt a result of a time dependent process and need be addressed in 

senescence studies. 

1.3.3 Protein Modifications 

One of the alternative theories of aging involves the error catastrophe 

hypothesis where abnormal cellular proteins accumulate in greater quantity in 

tissues of aged organisms [Dice, 1986]. Abnormal forms of some but not all 
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proteins do appear but they do not arise from errors in protein biosynthesis as 

previously hypothesized but appear to be the products of multiple types of post-

translational modifications. The appearance of abnormal proteins in aging 

may result from their increased production and/or a decreased ability of 

senescent cells to degrade intracellular proteins. 

Postsynthetic modifications in proteins from senescent tissue include 

oxidation, deamidation, racemization, nonenzymatic glycosylation, partial 

proteolysis and cross linking to other proteins, lipids, and DNA [Dice and Goff, 

1987]. We are only just beginning to understand how these alterations occur. It 

might be possible to prevent these modifications by increasing the levels of 

protective enzymes or to correct age-related defects in intracellular protein 

degradation. 

There are several pathways by which the cell degrades proteins. Lysosomes 

remove proteins in the case of serum starved cells. An ATP dependent 

protease exists in mitochondria and is probably responsible for the removal of 

matrix proteins. Other intracellular proteases have been reported as in plasma 

membrane nucleus and other organelles but their roles in protein degradation 

are uncertain [Bucher et al., 1983]. 

A comprehensive study on the degradation of microinjected RNase A showed 

a two-fold increase in the rate of degradation of RNase A in serum derived cells 

as opposed to senescent cells . Degradation of RNase A in senecsent cells 
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showed two defects, degradation in the presence of serum is slower and 

increase in degradation upon serum withdrawal is impaired. Similar results 

apply to other microinjected proteins [Dice, 1987]. Degradation of RNase A 

occurs in the lysosomes, this was shown by radiolabeling an inert sugar which 

is impermeable to the cell membrane and thus, accumulates in the lysosome 

[Dice et al., 1985]. In retrospect, lysosomal targeting of proteins is impaired in 

senescent cells and these proteins contain a pentapeptide sequence which 

targets them for the lysosome in the serum deprived state [Dice, 1986]. 

These data suggest that the accumulation of proteins in senescent cells is due 

to a decreased protein degradation pathway. This corresponds with the age 

related increase in size and number of lysosomes brought about by the 

dysfunction of lysosomal processing and the cells ability to compensate for the 

abnormality. This also relates to the accumulation lipofuchsin in aged cells 

since lysomal increases have been correlated with increases in fluorescent 

pigments (Ivy, 1984]. 

The question of whether cytosolic pathways of proteolysis are altered in aging 

cells is unsettled. Most short-lived proteins are degraded in the cytosol. 

Studies in fibroblasts have demonstrated that short-lived proteins are degraded 

at increased rates in senescent cells (Dice, 1987]. These results are indicative 

of an increased population of short-lived proteins in senescent cells. 
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The reduced uptake of proteins into lysosome may allow an accumulation of 

abnormal proteins in aged cells. The presence of these abnormal proteins may 

cause the induction of heat shock proteins [Dice, 1987]. The mechanism by 

which specific proteins are synthesized under oxidative or thermal stress may 

be via the production of abnormal proteins. Some of these heat-shock proteins 

are involved in the degradation of normal and abnormal short-lived proteins. 

Thus, and increase in abnormal proteins causes an increase in the proteins 

which eliminate the faulty proteins. This leads to the discussion that many short-

lived proteins are important regulatory proteins and therefore, increased 

degradation of these proteins will cause a breakdown of other important cellular 

processes [Goldberg, 1976]. 

Oxidative damage also gives rise to abnormal proteins and may induce the 

consequences discussed above. The production of activated oxygen species 

(OH·,02·, singlet oxygen, peroxy derivatives, etc.) at specific sites on proteins is 

a major cause of aberrant proteins [Fucci et al, 1983]. The presence of mixed 

function oxidases (MFO) in cellular systems leads to the production of activated 

0 2 species. Many enzymes have been shown to be readily inactivated by MFO 

systems [Oliver et al., 1985]. Many enzymes have been shown to accumulate 

as catalytically inactive species or less active forms during aging. Many of the 

enzymes that are altered by age are also sensitive to MFO systems. 
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The oxidation of proteins leads to the conversion of some amino acid residues 

to carbonyl derivatives. Oliver and group demonstrated an increase in the level 

of protein carbonyl groups in human erythrocytes with age. Several studies 

also report similar phenomena occurring in cultured fibroblasts of patients with 

progeria or Werner's syndrome, both of which are chacracterized by premature 

and accelerated aging. 

These data suggest that age related changes in enzyme activity may be 

caused by the production of active oxygen species via MFO systems. Thus, 

increase in the levels of altered proteins, during aging, produced by oxyradical 

mechanisms may induce cytosolic proteolysis. This has far reaching 

consequences on the protein degradation pathways of the cell. As mentioned 

earlier, an activation of cytosolic proteases will reduce the levels of short-lived 

proteins in the cell. Many of these short-lived proteins are key regulatory 

proteins, some of which are involved in lysosomal function. Activation of 

cytosolic proteases may reduce the functional capacity of key metabolic 

pathways and also reduce the ability of lysosomes to remove many other 

normal or inactive proteins. 

1.3.4 DNA Damage 

One of the numerous theories of aging encompasses an increase in the 

amount of somatic damage with time. The speculation that more somatic 

damage occurs in old organisms verses young organisms has never been 
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substantiated. It is more likely that the rate of somatic damage increases due to 

a time dependent accumulation and not to a breakdown in the synthesis 

machinery with time. 

DNA has been the focus of much research as the target of aging because of 

the critical role of DNA in information transfer. Ames et al. [1987] has 

categorized three types of DNA damage: base mispairing caused by the innate 

physicochemical properties of the nucleotide components of DNA; spontaneous 

chemical damage caused by the intrinsic thermodynamic instability of DNA; and 

induced chemical damage resulting from the interaction of DNA with chemical 

agents. Sources of the three types of DNA damage are listed in Table 2. From 

Table 2 list the many sources of DNA damage both exogenously and 

endogenously. One of the most important processes that may cause DNA 

damage are those that may produce reactive oxygen species in the course of 

normal metabolism. These reactive oxygen species are produced in vivo and 

are active agents of DNA damage. Hydroxyl radicals produce base damage 

and strand breakage in DNA. Oxidants in the presence of metal ions initiate 

lipid peroxidation and produce a variety of active oxygen species which yield 

various mutagen, promoters of carcinogenesis [Imlay and Lynn, 1988]. 

Much of what is known of the chemistry of free-radical interactions with DNA 

has been elucidated from studies with ionizing radiation. Ionizing radiation 

produces short-lived ion pairs which decompose into free-radical species. 
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Table 2. Sources of DNA damage 

Physicochemical mispairing 
Tautomerization 
Ionization 
Base rotation 
Natural base analogs 

Spontaneous chemical changes 
Hydrolysis 
Base loss 
Strand breakage 

Deamination 
Induced chemical changes 

Exogenous agents 
Solar UV radiation 
Background ionizing radiation 
Natural mutagens in food 
Cigarette smoke 
Occupational exposure 
Pollution 
Drugs 
Endogenous agents 
Endogenous alkylating agents 
Formaldehyde and other aldehydes 
Reactive oxygen species 

There are basically two types of reactions: direct and indirect. The direct effect 

occurs when the oxidized species reacts directly with an organic molecule, and 

the indirect occurs when water looses its electrons to produce three radical 

species, the hydroxyl radical, the hydrated electron, and the hydrogen atom. In 

the presence of 0 2, e· and H" will form 0£ and H02, respectively. Because of the 

high volume of water found in the cell the indirect effect is thought to be 

predominant. 

Free-radical reactions take place in varying degrees of complexity. The most 

studied reactions are those involving the hydroxyl radical attack on pyrimidine, 

purine, or sugar components of DNA and as the system becomes more complex 
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so do the reactions. The most common DNA components to react with the 

hydroxyl radical are shown below. These are formed via free radical addition at 

the 5 position of thymine, at the 8 position of adenine, and abstraction of the 4 

position hydrogen of deoxyribose (Figure 4.) [Ames et al., 1987]. All of these by-

products can then undergo a wide variety of reactions . One of the more 

significant reactions which may occur involves the reaction of molecular oxygen 

with the 6-yl radical of thymine to form organic hydroperoxides, further reduction 

leads to the formation of an alcohol called thymine glycol (Figure 5.). The 

relative rate of free radical reactions in whole DNA is ten times slower than the 

individual components. This is due to steric hindrances. The deoxyribose 

moiety is more susceptible to attack because of its location on the outside of the 

helix. Other reactions may occur such as cross-linking of bases and sugars on 

the same or opposite strands. 

Ames and his group have recently developed an HPLC assay to detect the 

presence of thymine glycol and several other oxidized DNA lesion products in 

the urine. One argument for implicating free radicals in the aging process 

involves the inverse interspecies correlation between metabolic rate and the 

rate of aging. Ames has acquired data on three species supporting the role of 

free radicals in DNA damage which leads to aging. He has shown that rats 

excrete 15 times more thymine glycol per kilogram body weight than do 

humans, and that mice have even higher levels of thymine and thymidine glycol 
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Figure 4. Hydroxyl radical reactions with DNA components. 

[Ames, 1987]. This observation correlates well with the idea that the degree of 

DNA damage is related to the specific metabolic rate of the organism. Ames 

[1987] has, however, demonstrated (using urines from human volunteers aged 

22 to 84) that the rate of oxidative DNA damage is more or less age-

independent. Although, these experiments correlate oxidative damage to 

metabolic rate no evidence implicates increased DNA damage with age. 
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Figure 5. Fonnation of Thymine Glycol 

thymine glycol 

Various observations have also been made on the decline of processing and 

the ability of the nucleic acid machinery to carry-out ongoing DNA synthesis. 

These include a decrease in the repair capacity of the cell with age 

[Neidermuler, 1985] and increases in the time required to rejoin double 

stranded breaks in DNA [Mayer et al, 1985]. 

As we have seen free radical reactions occur at all levels of cellular 

metabolism from the smallest biopolymer to large membrane systems. Without 

protection against the accumulation of reactive oxygen species the vitality of the 

cell would be jeopardized. For this reason most life forms have evolved 
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enzymes to scavenge these radicals and their intermediates [Brawn and 

Fridovich, 1980; Hassan, 1980; Halliwell, 1980]. 

1.4 Protective Enzymes 

Due to the ubiquitous nature of the 0 2• in living organisms a complex 

enzymatic defense system has evolved to protect against the oxidative damage. 

If not for these protective mechanisms radical reactions would occur indefinetly 

in a chain reaction and because of the cellular defenses the chain reaction is 

broken in vivo. Radical reactions with lipids and proteins would eventually 

undermine the integrity of the cell and eventually lead to the death of the cell 

[Freeman and Crapo, 1982]. The degree of radical damage is dependent on 

the quantity of the reactions which occur and the ability of the cellular defenses 

to reduce the oxyradical insult. 

The keystone of the cellular defense enzymes is superoxide dismutase 

(SOD). SOD has been described in the literature as early as 1938 by Mann 

and Keilin as a blue-geen protein containing copper and isolated from bovine 

blood called haemocuprein. Similar proteins were isolated and named 

according to the tissue or organ of origin i.e. hepatocuprein and cerebrocuprein. 

Until 1968 an enzymatic activity for this protein was unknown and at this time a 

notable event in the science of free-radical chemistry occurred, the assignment 

of an enzymatic activity for this blue-green copper and zinc containing protein. 

McCord and Fridovich [1968] were able to show that this protein catalyzed the 
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dismutation of the superoxide radical (10) and thus referred to its function as a 

superoxide dismutase enzyme. 

The cyanide sensitive copper-zinc containing SODS isolated from eucaryotic 

cells have molecular weights around 32,000 and are comprised of two protein 

subunits each containing one copper ion and one zinc ion at its active site. The 

enzyme is also quite stable and will undergo harsh purification procedures that 

will inactivate or denature most other proteins. The reaction catalyzed by SOD 

is shown above: These enzymes increase the rate of superoxide dismutation 

over 10,000 times the rate of the spontaneous reaction. The SODs are a family 

of metalloenzymes (Cu/Zn, Mn, or Fe) all utilizing alternate oxidation and 

reduction reactions to catalyze the dismutation reaction. The Zn2+ in the case 

(10) 

of the Cu/Zn SOD seems to serve no catalytic function but may be involved in 

maintaining the stability of the enzyme [Halliwell, 1986). The Amino acid 

sequence of CuZn-SOD has been extensively studied in a wide variety of 

eucaryotes and show a great degree of sequence homology amongst different 

species. CuZn-SOD is mainly localized in the cytosol of eucaryotes but forms 
Enzyme-Cu2+ + 0 2- __.. E-cu+ + 0 2 

E-Cu+ + 0 2- + 2H+~E-Cu2+ + H202 (11) 
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have been purified from the intermembrane space of mitochondria [Tyler, 1975]. 

The CuZN-SODs comprise -90% of the total cellular SOD. 

A second type of SOD found in eucaryotic cells contains Mn in its active site. 

The Mn -SOD is pink rather than blue geen in color and is cyanide insensitive. 

The reaction catalyzed by the Mn -SOD is the same as that for the CuZn -SOD. 

Mn -SOD composes the remaining 10% of the total cellular SOD cativity 

although this may vary depending on tissue and species. The Mn -SOD is 

located in the mitochondrial matrix however in some cases Mn-SOD has been 

found outside the mitochondria [McCord, 1977]. The levels of Mn-SOD have 

been shown to be dependent on a variety of circumstances such as oxyradical 

production, Manganese levels, and certain xenobiotics [Rosa et al, 1980). The 

amino acid sequences of all MnSODs from animals, plants, and bacteria are 

extremely similar but show little homology with CuZn SODs. A third type of 

SOD which contains iron in its active site and is found principally in prokaryotes. 

This Fe SOD shares a large amount of homology with the Mn SOD and contain 

several highly conserved sequences [Hassan and Fridovich, 1977a; Gregory et 

al., 1973). 

Hydrogen peroxide produced during the 0 2• dismutation reaction is also 

damaging to living systems. Two enzymes exist which remove hydrogen 

peroxides from within the cell are the catalase and peroxidase enzymes. 
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Catalase catalyzes the reaction of two H20 2 to water and dioxygen. Catalase 

is present in all organs of the body and its concentration varies in different 

tissues. Catalases have been shown to consist of four protein subunits each of 

which contains an Fe(lll) protoporphyrin ring bound to its active site. The 

enzyme looses activity readily when stored, frozen, or under any alkali or acid 

conditions. The catalase reaction occurs via a two step mechanism as follows: 

k1 
Catalase-Fe(III) + H20 2 ----1,... Compound I 

k1 
---t.,.~ Catalase-Fe(III) + 2H20 + 0 2 

(12) 

The rate constants k1 and k2 have values of 1.7 X 101M-1s·1 and 2.6 X 101M-1s·1 , 

respectively. Thes values may vary depending on the source of the enzyme 

[Halliwell, 1986]. Most catalase activity is localized in cellular organelles called 

peroxisomes. 

Peroxidases are a group of enzymes which catalyze the reaction of H202 and 

reduced Glutathione (GSH) to oxidized Glutathione (GSSG) and water. 

Glutatione peroxidase is found in animal tissues and is not present in higher 

plants or bacteria. One of the substrates for this enzyme is a low molecular 

weight thiol, glutathione. Most cellular glutathiones are present in the reduced 

form (GSH) rather than the oxidized form (GSSG). One third of the glutathione 

present in the cell can be found as mixed disufides in compounds which contain 

thiol groups such as cysteine, coenzyme A and many proteins which contain 

-SH groups [Halliwell, 1974]. Glutathione peroxidase (GLX) catalyzes the 
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oxidation of GSH to GSSG by the loss of H20 2 • GLX is made up of four protein 

subunits with a selenium at its active site. The selenium is most likely present at 

the active site as a selenocysteine. The amino acid has had its sulfur atom 

replaced by a selenium atom. Glutathione reacts with the seleno enzyme and 

with the H20 2 with k = 5 X 101M·1s·1• The ratio of GSH to GSSG is kept high in 

normal cells to prevent damage which can occur to proteins via disulfide 

exchanges. This is done by the enzyme glutathione reductase (GLR) which 

reduces the GSSG back to GSH in the presence of NADPH. The NADPH 

required for this process is provided by the the pentose phosphate pathway. 

Glucose-6-phosphate dehydrogenase (G6PDH) catalyzes the reaction of 

glucose-6-phosphate with NADP to produce 6-phosphogluconate and NADPH 

and Hydrogen ion. The pentose phosphate shunt is regulated by the amount of 

NADP+, as this is depleted by GLR the pentose phosphate pathway will be 

triggered replacing the needed NADPH. 

GLR is composed of two protein subunits each with a flavin (FAD) at its active 

site. The NADPH reduces the FAD, the electrons are then transferred across a 

disulfide bridge between the oxidized cysteine residues. The residues are then 

reduced to -SH and rejoin to form 2GSH (Halliwell, 1986]. 

The interrelationship between catalase and glutathione peroxidase is quite 

definitive. GLX has a low Km for H20 2 [Fridovich, 1976], therefore, higher 

affinity for H20 2 and is available for handling low normal cellular levels of H202. 
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This has been shown in humans which have genetic defects in the catalase 

gene but show no significant harmful effects. The Km for catalase is very high 

(Km=1.1 M), meaning that the role of catalase may be secondary and used only 

to prevent the depletion of GSH at overwhelming H20 2 concentrations 

(Fridovich, 1976). 

1.5 Justification 

Free radicals appear to play a role in the onset of the aging process either 

directly or indirectly. They either cause direct deleterious somatic or structural 

changes which may bring about a loss of functional capacity or indirectly act as 

the mediator of damage observed with life limiting diseases which in turn 

shorten the maximum life span of an organism. The promise that antioxidant 

regulation may limit the degree of radical mediated damage caused during the 

aging and disease process has not yet been addressed. 

Cellular models for aging have been well established and studied intensively 

for the last thirty years. Data pertaining to the changes in antioxidant enzyme 

levels with age in vivo and in vitro have been studied but have produced 

varied results. The consistent phenomena that do occur include; decrease in 

functioning mitochondria, increases in formation of lipofuchsin, lipid 

peroxidation, and protein alterations. All of these changes can be explained by 

a common mechanism of free radical damage. In each instance free radical 
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damage has been implicated as a major causative agent of the aging 

1 phenomena [Harman, 1987]. 

Changes in the protective devices against free radicals may also occur during 

aging. For example, an age related increase in size has been observed in rat 

1 heart mitochondria, suggesting that more protection occurs as the animal 

becomes senescent. Similar age-related increases have been observed in 

hepatic and cardiac catalase [Obenrader, 1981 ]. 

The reactive oxygen species are implicated as a cause of many pathological 

changes occurring with age. Changes in the quantities of protective enzymes 

during the latter part of life would lead one to believe that the radicals are 

playing an overwhelming role in the breakdown of the organism. The study of 

the changes which may occur in the levels of oxidative protection with age 

certainly warrants further study. 

Once a thorough understanding of the changes which may be occurring with 

the antioxidant enzymes is obtained, more can be learned about the genetic 

1 and biochemical regulation of these enzymes. At present, there is a great deal 

of information concerning the role that these enzymes play in controlling 

longevity and protection against pathological states. The knowledge of the 

regulatory mechanisms of these enzymes is of great academic and therapeutic 

interest. Once the regulatory aspects of antioxidant enzymes are known the 

design of treatments for combatting oxyradical damage can be developed. 
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2.1 Introduction 

The aging phenomena is a process to which all organisms eventually 

succumb. The universality of this phenomena suggest that there maybe one 

overwhelming factor involved. The exact biochemical basis of aging is still 

unclear. Free radicals such as the superoxide radical (02·) and the hydroxyl 

radical (OH"), formed in biological oxidations [McCord and Fridovich, 1970; 

Misra and Fridovich, 1972; Myers, 1973; Fridovich, 1979), maybe responsible 

for cellular aging [Harman, 1986; Pryor, 1987). Because of the high reactivity of 

the 0 2• and the OH" they can produce extensive damage to lipids [Gutteridge, 

1978; Misra and Gorsky, 1981), proteins [Dice, 1987), and nucleic acids [Myers, 

1973; Ames, 1987). Free radicals can also inhibit DNA repair enzymes which 

may result in the production of errors during replication [Neidermulur, 1985; 

Mayer, 1985). 

In biological systems enzymes such as xanthine oxidase and, dihydrorotate 

dehydrogenase and many other flavoproteins catalize oxido-reductase 

reactions in which a single electron is transferred from a substrate to 02 to form 

a superoxide radical. The reaction of Iron with H202 produces the most 

damaging of all radical species the hydroxyl radical. The OH" reacts at nearly 

diffusion limited rates with most organic molecules [Fridovich, 1975; Imlay and 

Lynn, 1988]. The resultant damage caused by these oxygen radical 



66 

intermediates would eventually overwhelm the cell were it not for the protective 

mechanisms that have evolved. 

Organisms have developed a complex defense mechanism against oxidative 

damage. One of the major components of this defense is superoxide dismutase 

(SOD) which catalyzes the dismutation of two 0£ to H20 2 and 0 2 • In mammalian 

cells two forms of the enzyme exist. The copper and zinc SOD (CuZn SOD) is 

primarily located in the cytosol and the manganese SOD (Mn SOD) is located 

in the mitochodrial matrix. Several other enzymes are present which offset the 

detrimental effects of oxygen metabolites. These include catalase (CAT), 

glutathione peroxidase (GLX), glutathione reductase (GLR), and glucose-6-

phosphate dehydrogenase (G6PDH) [see review Halliwell and Gutteridge, 

1986]. 

Studies [Brizee et al; Brunk, 1982; Vanella et al, 1982] have demonstrated an 

accumulation of free radical degradation products with increasing age. These 

products include; lipofuchsin, lipid peroxides, aberrant or inactive proteins, DNA 

errors, deficiencies in DNA repair ezymes. The possibility that as an organism 

senesces the production of free radical intermediates may increase. This can 

lead to the development of these degradative products. Any changes that may 

occur in free radical production could be met with alterations in the levels of the 

antioxidant defense enzymes. 
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In this study we address the possibility that free radical production may 

increase in quiescent cell lines by monitoring secondary indicators of free 

radical production. Thereby, any changes taking place in quiescent cells may 

be a fraction of what is occur during the aging process. The quiescent model is 

more indicative of in vivo cells as most cells comprising organs or tissues are 

dormant. 

2.2 Material and Methods 

2.2.1 Cell Culture 

Bovine fetuses were obtained (Valleydale Packing Company, Bristol, VA) no 

later than the first trimester, immediately after death of the mother and placed on 

ice for 2 - 3 hours until reaching sterile facilities. Unless otherwise indicated 

bovine embryonic lung fibroblasts (SELF) were isolated as follows. Lung 

portions were removed aseptically and rinsed in 4-5 changes of filter sterilized 

phosphate buffered saline (PBS) consisting of 0.2g KCI, 0.2g KH2P04, 0.8g 

NaCl, 1.14g Na2HP04 and 1X10·4M EDTA per liter in distilled deionized H20. 

After rinsing lung pieces were placed in 1 to 2 mis of PBS at room temperature 

and minced aseptically to a fine consistency. The cell paste was then digested 

with 0.25°/o trypsin in PBS-EDTA and pipetted repeatedly. 15 mis of culture 

medium which consisted of Eagle's minimum essentials medium (Sigma), 10% 

heat-inactivated Fetal Calf Serum (Sigma), 2.5 ug/ml fungizone, 50 units/ml 
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penicillin, 50 units/ml streptomycin, 2 mM L-glutamine, and 25 mM hepes buffer 

was then added to the suspension. The suspension was plated onto five 75 

cm2 tissue culture flasks and brought to a volume of 15 mis with the medium. 

The cells were incubated at 37°C in 5% C02 ; 95% air until the cultures became 

confluent. 

Upon reaching confluency, cells from the primary culture were subcultured , 

1 :3, into additional 75 cm2 flasks. At this point the cultures were designated as 

population doubling zero. The cultures were incubated and subcultured when 

they reached confluency (2-4 days after previous subcultivation depending on 

the population doubling level (PDL)). BELF used for this study were between 

the 18th and 20th POL. Approximately 6X107 - 1X108 cells/ml (60-100 75cm2 

flasks) were used for each study. Cells were no longer subcultivated and the 

media was changed on a weekly basis. Cells were collected for each assay as 

needed on a daily or weekly basis. 

2.2.2 Sample Collection 

Unless otherwise indicated, samples were collected by washing the cell layer 

with two changes of PBS + 1X10-4 EDTA and released with 0.25% 

trypsin/EDTA. 2-5 mis of PBS was then added to each flask and the cell 

suspension was collected and centrifuged at 2000 RPM for ten minutes. The 

supernatant was discarded and the cell pellet was resuspended in 1-5 ml of 

0.05M potassium phosphate buffer pH 7.8 + 1X10-4 EDTA. The suspension was 
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then pulse-sonicated on ice for 30 seconds and the suspension centrifuged at 

15,000 RPM for 15 minutes. The supernatant was collected and either frozen at 

-20C0 or analysed immediately according to the specifications of each assay. 

2.2.3 Enzyme Assays 

Total SOD activity was determined by the method of Misra and Fridovich 

[1972], based on the ability of the enzyme to inhibit the auto-oxidation of 

epinephrine to adrenochrome at pH 10.2. The reaction was followed 

spectrophotometrical (Shimadzu Kinetic Spectrophotometer) at 480 nm. One 

unit of SOD activity was defined as the amount of enzyme needed to obtain 

50% inhibition of epinephrine auto-oxidation. Mn SOD activity was assayed 

similarly but in the presence of 2mM KCN, which inhibits the CuZN SOD activity. 

Cu Zn SOD activity can then be determined by subtracting the cyanide 

insensitive SOD activity form the cyanide sensitive SOD. 

Catalase was assayed according to a method adapted from Beers and Sizer 

(The Worthington Manual, 1972). The rate of disappearance of hydrogen 

peroxide, followed spectrophotometrically at a wavelength of 240 nm, is 

proportional to the amount of enzyme present. 

Glucose-6-Phosphate Dehydrogenase was assayed by the procedure of 

Kornberg and Horecker [Kornberg and Horecker, 1955] as modified by Lohr 

and Waller [Lohr and Waller, 1974]. The amount of enzyme determined 
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spectrophotometrically at a wavelength of 340 nm, is proportional to the rate of 

reduction of NADP+ in the presence of excess glucose-6-phosphate. 

Glutathione Peroxidase was measured according to Tappel [Tappel, 1978]. 

This assay uses cumene hydroperoxide and reduced glutathione (GSH) as 

substrates for glutathione peroxidase. The resulting oxidized glutathione 

(GSSG) is reduced in a coupled reaction with NADPH and glutathione 

reductase. Glutathione peroxidase is quantified by following the rate of NADPH 

oxidation spectrophotometrically at a wavelength of 340 nm. 

Glutathione Reductase was quantitated by the method of Racker [Racker, 

1955]. This procedure quantitates glutathione reductase by using oxidized 

glutathione and NADPH as substrates and measuring the rate of NADPH 

oxidation using a spectrophotometer at at a wavelength of 340 nm. 

2.2.4 Protein Analysis 

Protein concentrations were determined according to the dye binding method 

of Bradford [Bradford, 1976] with recrystallized bovine serum albumin as the 

standard. Coomassie Brilliant Blue G250 binds proteins and causes a shift in 

the absorption maximum of the dye from 465 to 595 nm. The protein is 

quantitated by monitoring the increase in absorption at a wavelength of 595 nm 

spectrophotometrically. All enzymes are expressed as specific activity in units 

enzyme per mg protein. 
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2.2.5 Metal Analyses 

Both intracellular and extracellular copper, zinc and manganese levels were 

determined using a Varian AA-475 series Atomic Absorption 

spectrophotometer. If metal concentrations were below the detection limits for 

flame analyses then carbon rod analyses was utilized. 

2.2.6 Lipofuchsin 

Accumulation of lipofuchsin was determined by microscopic fluorescent 

techniques as described by Brizee [Brizee et al., 1974]. Samples were 

collected and formalin vapor fixed on a glass slide. The unstained sections 

were examined under blue light fluorescence (wavelength 420 nm) on a Nikon 

incident light fluorescence microscope with a Nikon PM-1 Fluorescent 

detectector. 

2.2. 7 Lipid Peroxidation 

A modification of a procedure by Goldstein et al [1979] was used. 5 X 106 

cells were collected as previosly described. Approximately 300ul of cell pellet 

was brought to 600 ul with distilled H20 and placed on ice for 15 minutes. 3.3 

mis of fluorescent grade isopropanol was then added to the suspension, 

agitated, purged with N2, and also incubated for 1 hour at 25°C. 2.1 mis of 

fluorescent grade chloroform was then added to the mixture, agitated, purged 
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with N2 and again incubated. After one hour the mixture was centrifuged for 30 

minutes at 600 rpm. The clear supernatant was then collected and assayed 

spectrofluorometrically. A Perkin-Elmer LS-3 fluorescence spectrophotometer 

was used for all quantitation. The instrument was set to a fixed scale of 100 and 

an excitation and emission wavelength of 380 and 440 nm, respectively. All 

samples were measured against an identically treated distilled water blank. 

2.2.8 Electron Spin Resonance 

Two methods were utilized for the detection of carbon centered radicals. A 

modified method of Saprin and Piette [1977] was used. 0.05 mis of SELF was 

suspended in 0.05M Tris pH 7.4. The suspension was incubated at 37°C for 15 

- 90 minutes in a water bath with a lipid peroxidation reaction system consisting 

of 0.1 ml of 0.15M phenyl-tertiary-butyl nitrone (PBN), 0.05 ml of of 0.02M 

NADPH, 0.01 ml of 1.2 X10-3M Fe2• as ferrous ammonium sulfate, and 0.01 mis 

of 0.025 M pyrophosphate. Aliquots were removed at 1 O minute intervals for 90 

minutes for ESR measurements. 

A procedure developed by Lai et al. [1985) was also used for detection of lipid 

radicals. 5 X 106 cells were treated with 7.5 X 10·3M PBN for 10-90 minutes. 

The media and cells were removed individually and each fraction homogenized 

in 15 volumes of deoxygenated chloroform-methanol (2:1) to recover total lipids. 

Folch's extraction procedure was then followed and the extract was sealed in a 
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microcapillary tube and placed in the cavity of a Brucker ER 200 D-SRC 

electron spin resonance spectrometer and analyzed. 

2.2.9 Detection of Superoxide by Cytochrome c Reduction. 

0£ was also measured by monitoring the superoxide dismutase inhibitable 

reduction of ferricytochrome c at 550 nm in the media of the cell culture system 

[McCord and Fridovich, 1969]. 

2.2.1 o Statistics 

Data were analyzed by the Student t-test when appropriate. Variations in 

enzyme levels with time were analysed by Dunnets multiple comparison test. 

Linear regression analyses was also used to determine significant increases or 

decreases in the data. Changes were considered significant if p<0.05. 

2.3 RESULTS 

Preliminary data suggested that as human lung fibroblasts (Wl-38) aged in 

cell culture during contact inhibited state CuZn and Mn SOD levels were greatly 

enhanced, from 5 - 45 units/mg protein and 6 - 24 units/mg protein, respectively. 

Bovine embryonic lung fibroblasts (BELF) also displayed a similar induction of 

the MN SOD (4.62 - 59 units/mg protein in a period of 3-4 weeks. The BELF cell 

lines would characteristically reach confluency within 4 to 5 days of subculture 

and reach maximal cell density (MCD) by day 15 (figure 6). Upon reaching 
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MCD culture flasks would begin to form foci. Foci appear to be conglomeration 

of cells and do not appear to be contact inhibited. The majority of the cell layer 

remains uniform and displays contact inhibition. 

The initial induction of the SOD enzyme in BELF occurred maximally in cells 

supplemented with 2% fetal calf serum (FCS). A comparison of the Mn SOD, 

CuZn SOD, catalase, glutathione reductase, and glucose-6-phosphate 

dehydrogenase levels in 2o/o verses 10% serum treatment groups was done 

(figures 7-12). Glutathione peroxidase was not detectable in any of the 

experiments. 

The weekly differences between total SOD activity levels of the 2% and the 

10% FCS treatment groups were not significant (figure 7). 

No significant differences were observed between weekly Mn SOD levels of 

2% and 10% treated SELF (figure 8). 

No significant differences were found in cytosolic SOD in 2% verses 10% 

FCS treated SELF (figure 9). 

The levels of the catalase enzyme remained fairly stable throughout the 

experiment. No significant differences were observed (figure 10). 

The levels of glutathione reductase showed the most drastic variability of all 

the antioxidant enzymes but no significant differences were observed (figure 

11 ). 
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No significant differences were found between the G-6-PDH activity of the 

2% and 10% FCS treatment groups (figure 12). 

The cumulative specific activity of all the antioxidant enzymes for both 2% and 

10% FCS treatment groups are shown in figures 13 and 14. No significant 

weekly differences were observed in these group. There were also no 

significant differences observed between the cumulative antioxidant enzyme 

levels of the 2% and 10% FCS treatment groups. 

It should be emphasized that when comparing the numbers for the 2% and 

10% FCS treatments the sample numbers were limited (n=2 for the 2% group 

and n=4 for the 10% group). Therefore, the interpretation of the statistical 

significance of the data must be treated cautiously. 

SELF supplemented with 10% FCS reached a density dependent inhibition of 

growth much quicker than cells treated with 2% FCS. BELF supplemented with 

2% FCS also formed a greater number of cellular occlusions than the 10% 

treatment group. This deabilitation of the cell led us to investigate the less febile 

well nourished cells. A thorough study of the levels of the antoxidant enzymes 

of SELF supplemented with 10% FCS is shown in figures 15 -20. No 

significant weekly differences were observed in the levels of any of the 

antioxidant enzymes. 

Linear regression analysis of the weekly data for each of the antioxidant 

enzymes was done. Increasing trends are observed when pooled weekly data 
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are analyzed for total SOD, Mn SOD, CuZn SOD (figures 21 a, b, c) and 

glutathione reductase (figure 22b). Decreased trends were seen for catalase 

and G-6-PDH (figures 22a and c). The trends increasing and decreasing 

enzyme levels are merely trends and do not show any statistical significance. 

CuZn SOD, Mn SOD and total SOD were analyzed on a daily basis from 

weeks two to four (23 a, b, c). No significant differences in SOD levels with time 

were observed. An apparent periodic cycling of the SOD enzymes is observed. 

This is only a trend and cannot be assigned to the feeding of the cells. Due to 

variations in the levels of the SOD between experiments the data was 

normalized by dividing each data point by the mean of the respective 

experiment (figures 23,24,25). This would serve in normalizing the three 

experiments and displaying the degree of periodicity amongst experiments. 

Intracellular and extracellular levels of Cu and Zn were monitored on a weekly 

basis (figures 27 and 28). No significant differences were observed for 

extracellular Cu, Zn and intracellular Cu for the time period studied. However, 

an increase was observed in the intracellular Zn levels at the 0.01 level of 

significance with time (figure 27). 

Incorporation of trititiated thymidine was measured in our cell culture system 

(figure 29). SELF show exponential incorporation of [3H] thymidine which is 

consistent with the findings of Cristofalo [1976]. The characteristic difference is 
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that the contact inhibited cells reach a level of DNA synthesis equivilent to that 

of late passage cells nearing death in a time frame of only 5-1 O days (figure 30). 

We were not able to detect lipid radicals utilizing both experimental protocols 

described earlier. Modifications of time and components of the experimental 

procedures also failed to detect any radicals. 

No detectable levels of 0 2- were observed by monitoring superoxide 

dismutase inhibitable cytochrome c reduction as monitored at 550 nm. 

Weekly spectrofluorometric analysis of lipid peroxidation in BELF displayed 

varied results. In one case a significant (p<0.05) increase was observed in 

weekly lipid peroxide levels of BELF as shown in figure 31. Further analyses 

showed no changes in the weekly levels of lipid peroxides (figure 32). 

Weekly analysis of lipofuchsin formation in BELF was seen to significantly 

(p<0.0005) increase with time (figure 33). This increase is large enough to be 

observed visibly on a weekly basis (figure 34 and 35). 
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Growth curve of In Vitro Bovine Embryonic Lung Fibroblasts (BELF: 
6e+5 

5e+5 
c. :a 4e+5 
~ 
Cl) 
> 

~ 3e+5 

8 2e+5 

1e+5 

Oe+O 
0 5 1 0 15 20 25 30 

Time in days 

Day No. Cell No. Standard Error 

1 251800 (3) +/- 70336 
2 302600 (3) +/- 29156 
4 446300 (3) +/- 17609 
9 491800 (3) +/- 56570 

15 471200 (3) +/- 38209 
21 520100 (3) +/- 36678 

Figure 6. Values are means +/- standard errors as determined in 
cells/coverslip. The number of samples taken in each group are shown in 
parentheses. Cells were seeded at a 1 :3 ratio and counted as indicated using 
the trypan blue exclusion method. The values indicate the number of cells 
covering an 18X18mm microglass coverslip. 
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Effect of FCS Supplementation on SOD level of BELF. 
60 

TREATMENTS 
Weeks 2%FCS 10%FCS 

(unjVmg protein) (unit/mg protein) 
1 24.65 +/-11.25 29.91 +/- 5.29 
2 11.45 +/- 3.75 32.12 +/-12.76 
3 16.10 +/- 0.30 46.31 +/- 5.07 
4 23.55 +/- 2.95 37.07 +/- 5.15 

Figure 7. Values are means+/- standard errors as determined in units/mg 
protein. Data were statistically analyzed by the Student T-test between 
treatment groups for each week. No significant differences (p<0.05) were 
observed. SELF were supplemented with either 2% or 10% FCS as indicated. 
For the 2% and 10% treatment groups n=2 and 4, respectively. 
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Effect of FCS Supplementation on Mn SOD levels of BELF 
60 

TREATMENTS 
Weeks 2%FCS 

(uniVmg protein) 
1 10. 76 +/- 6.14 
2 2.64 +/- 0. 76 
3 12.03 +/- 2.42 
4 16.75 +/- 1.65 

10%FCS 
(uniVmg protein) 

14.90 +/- 7.52 
8.38 +/- 2.62 

24.93 +/-11.43 
17.63 +/- 7.96 

Figure 8. Values are means+/- standard errors as determined in units/mg 
protein. Data were statistically analyzed by the Student T-test between 
treatment groups for each week. No significant differences (p<0.05) were 
observed. SELF were supplemented with either 2% or 10% FCS as indicated. 
For the 2% and 10% treatment groups n=2 and 4, respectively. 
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Effect of PCS Supplementation on Cu Zn SOD BELF. 
60 

TREATMENTS 
Weeks 2o/oFCS 

(unjVmg protein} 
1 13.85 +/- 5.07 
2 8.80 +/- 2.98 
3 4.07 +/- 2.12 
4 11 .80 +/- 6.30 

10%FCS 
(unjVmg protein) 
15.00 +/- 6.28 
23.74 +/- 10.25 
21.38 +/- 7.18 
19.43 +/- 5.36 

Figure 9. Values are means+/- standard errors as determined in units/mg 
protein. Data were statistically analyzed by the Student T-test between 
treatment groups for each week. No significant differences (p<0.05) were 
observed. SELF were supplemented with either 2% or 10% FCS as indicated. 
For the 2% and 10% treatment groups n=2 and 4, respectively. 
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Effect of FCS Supplementation on Catalase levels of BELF 
12 

10 

2 
weeks 

3 4 

~ 2%FCS 
Bl 10%FCS 

TREATMENTS 
Weeks 2°/oFCS 

(unjUmg protein) 
1 4.24 +/- 5.07 
2 8.46 +/- 2.98 
3 4.07 +/- 2.12 
4 11.80 +/- 6.33 

10%FCS 
(unjUmg protein) 

6.16 +/- 1.94 
8. 75 +/- 2.09 
7.99 +/- 3.55 
8.41 +/- 1.99 

Figure 10. Values are means+/- standard errors as determined in units/mg 
protein. Data were statistically analyzed by the Student T-test between 
treatment groups for each week. No significant differences (p<0.05) were 
observed. BELF were supplemented with either 2% or 10% FCS as indicated. 
For the 2% and 10% treatment groups n=2 and 4, respectively. 
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Effect of FCS Supplementation on Glutathione Reductase levels of BELF 
200 
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TREATMENTS 
Weeks 2%FCS 10%FCS 

(uniVmg protein) (uniVmg protein) 
1 46.93 +/- 22.97 40.93 +/- 10.03 
2 58. 73 +/- 26.09 28.48 +/- 6.36 
3 71. 7 4 +/- 14.92 43.06 +/- 13.98 
4 102.36 +/- 65.84 48.31 +/- 8.34 

Figure 11. Values are means +/- standard errors as determined in units/mg 
protein. Data were statistically analyzed by the Student T-test between 
treatment groups for each week. No significant differences (p<0.05) were 
observed. SELF were supplemented with either 2% or 10% FCS as indicated. 
For the 2% and 10% treatment groups n=2 and 4, respectively. 
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Effect of PCS Supplementation on 
Glucose-6-Phosphate Dehydrogenase levels of BELF 
0.10 

TREATMENTS 
. Weeks 2°/oFCS 10%FCS 

(uniVmg protein} (uniVmg protein) 
1 0.043 +/- 0.017 0.057 +/- 0.014 
2 0.021 +/- 0.014 0.040 +/- 0.020 
3 0.027 +/- 0.012 0.059 +/- 0.016 
4 0.025 +/- 0.004 0.051 +/- 0.015 

Figure 12. Values are means +/- standard errors as determined in units/mg 
protein. Data were statistically analyzed by the Student T-test between 
treatment groups for each week. No significant differences (p<0.05) were 
observed. SELF were supplemented with either 2% or 10% FCS as indicated. 
For the 2% and 10% treatment groups n=2 and 4, respectively. 
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The Effect of 10% PCS on the Antioxidant Enzymes of BELF 

Weeks Ma SOQ CuZo SOQ Qa1a1a~~ GluB~d G6EQH 
1 14.9+/- 7.5 15.0+/- 6.3 6.2+/-1.9 40.9+/-10.0 0.06+/-0.01 
2 8.4+/- 2.6 23. 7 +/-10.2 8.7+/-2.1 28.5+/- 6.4 0.04+/-0.02 
3 24.9+/-11.4 21.4+/- 7.2 8.0+/-3.5 43.1 +/-14.0 0.06+/-0.02 
4 17.6+/- 7.9 19.4+/- 5.4 8.4+/-2.0 48.3+/- 8.3 0.05+/-0.01 

Figure 13. Values are means +/- standard errors as determined in units/mg 
protein. The cumulative standard errors of all the enzymes is shown for each 
week. Data was analyzed using the Dunnets Multiple Comparison Test. No 
significant differences were seen between weeks (n=4 for each week). 
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Effect of 2% FCS on the Antioxidant levels of BELF 
200 

150 
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"§ ra glured e c.. 100 mt cat 
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Weeks Mn SOD CuZn SOD Qatala~e Gl!.!R~g G2PDH 
1 10.8+/-6.1 13.8+/-5.1 4.2+/-3.9 46.9+/-23.0 0.04+/-0.02 
2 2.6+/-0.7 8.8+/-3.0 8.5+/-0.9 58.7+/-26.1 0.02+/-0.01 
3 12.0+/-2.4 4.1 +/-2.1 6.7+/-0.7 71 .7+/-14.9 0.03+/-0.01 
4 16.7+/-1.6 11.8+/-6.3 8.1 +/-1.3 102.4+/-65.8 0.02+/-0.00 

Figure 14. Values are means +/- standard errors as determined in units/mg 
protein. The cumulative standard errors of all the enzymes is shown for each 
week. Data was analyzed using the Dunnets Multiple Comparison Test. No 
significant differences were seen between weeks (n=4 for each week). 
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Total SOD levels ofBELF in 10% FCS 

0 

Specific 
Activity 
24.45 
29.91 
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37.07 
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+/-
+/-
+/-
+/-
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Standard Error 
7.89 
5.29 
12.77 
5.07 
5.15 

Figure 15. Values are means +/- standard errors as determined in units/mg 
pprotein. Data were analyzed by the Dunnet multiple comparison test with 
week O as the control. No significant differences were found between values. 
For week O n=3 all others n=4. 
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Mn SOD levels ofBELF in 10% FCS 
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Figure 16. Values are means +/-standard errors as determined in units/mg 
pprotein. Data were analyzed by the Dnunnet multiple comparison test with 
week O as the control. No significant differences were found between values. 
For week O n=3 all others n=4. 
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Cu Zn SOD levels ofBELF in 10% FCS 
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Figure 17. Values are means +/-standard errors as determined in units/mg 
pprotein. Data were analyzed by the Dunnet multiple comparison test with 
week O as the control. No significant differences were found between values. 
For week O n=3 all others n=4. 
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Figure 18. Values are means +/- standard errors as determined in units/mg 
pprotein. Data were analyzed by the Dunnet multiple comparison test with 
week Oas the control. No significant differences were found between values. 
For week O n=3 all others n=4. 
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Glutathione Reductase levels of BELF 10% FCS 
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Figure 19. Values are means +/-standard errors as determined in units/mg 
pprotein. Data were analyzed by the Dunnet multiple comparison test with 
week 0 as the control. No significant differences were found between values. 
For week O n=3 all others n=4. 
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Glucose-6-Phosphate Dehydrogenase levels ofBELF in 10% FCS 
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Figure 20. Values are means +/- standard errors as determined in units/mg 
pprotein. Data were analyzed by the Dunnet multiple comparison test with 
week O as the control. No significant differences were found between values. 
For week 0 n=3 all others n=4. 
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Linear Regression Analysis of Weekly SOD of BELF 
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Figure 21. Linear regression analysis of all the weekly (a) Total SOD, (b) Mn SOD and (c) CuZN 
SOD levels of bovine embryonic lung fibroblast are presented. The data encompass values from 
four individual experiments which were comprised of cells at the 10th, 14th, 17th, and 20th 
population doubling level (POL), respectively. No significant correlation was observed. 
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Linear Regression Analysis of Weekly Catalase, Glutathione 
Reductase and Glucose-6-Phosphate Dehydrogenase Levels of BELF 
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Figure 22. Linear regression analysis of weekly (a) catalase, (b) glutathione reductase and (c) 
glucose-6-phosphate dehydrogenase levels of bovine embryonic lung fibroblast are presented. 
The data encompass values from four individual experiments which were comprised of cells at 
the10th, 14th, 17th, and 20th population doubling level, respectively. No significant correlations 
were observed. 
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Linear Regression Analysis of Daily SOD levels in SELF 
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Figure 23. Linear regression analysis of daily (a) total SOD, (b) Mn SOD and (c) CuZn SOD levels 
of BELF are presented. The data encompass values from three individual experiments which 
were comprised of cells at the 14th, 17th, and 20th population doubling level, respectively. No 
significant correlations were observed. 
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Daily Superoxide Dismutase Levels of SELF Expressed as Percent of Mean 
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Figure 24. Values are expressed as Superoxide dismutase activity as percent 
of the mean activity. The mean value for each experiment is (a) 22.32, (b) 
33.05, and (c) 36.73 units/mg protein. The arrowheads indicate media 
changes. Cells were at the 14th, 17th, and 20th POL for experiments a, b, c. 
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Daily Manganese Superoxide Dismutase Levels Expressed as Percent of Mean 
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Figure 25. Values are expressed as Superoxide dismutase activity as percent 
of the mean activity. The mean value for each experiment is (a) 8.45, (b) 7.07, 
and (c) 20.82 units/mg protein. The arrowheads indicate media changes. Cells 
were at the 14th, 17th, and 20th POL for experimentsa, b, c. 
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Daily Cu Zn Superoxide Dismutase Levels 
of BELF Expressed as Percent of Mean 
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Figure 26. Values are expressed as Superoxide dismutase activity as percent 
of the mean activity. The mean value for each experiment is (a) 13.05, (b) 
28.23, and (c) 26.08 units/mg protein. The arrowheads indicate media 
changes. Cells were at the 14th, 17th, and 20th POL for a, b, c. 
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Intracellular Cu and Zn levels of BELF 
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Week Cu Cu Blank Zn Zn Blank 
(ppm) (ppm) (ppm) (ppm) 

0 0.18 0.16 0.12 0.06 
1 0.21 0.13 
2 0.20 0.15 
3 0.20 0.16 
4 0.19 0.21 

Figure 27. Intracellular Cu and Zn concentrations are expressed in part per 
million (ppm). Potassium Phosphate buffer (KPi) was used for controls. A 
significant (p<0.01) increase was with time was observed in the levels of 
intracellular Zn. 
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Week Cu Cu Blank Zn Zn Blank 
(ppm) (ppm) (ppm) (ppm) 

0 0.05 0.03 0.36 0.28 
1 0.04 0.36 
2 0.05 0.37 
3 0.05 0.39 
4 0.05 0.34 

Figure 28. Extracellular Cu and Zn concentrations are expressed in parts per 
million (PPM). EMEM culture medium + 10% FCS was used as a control. No 
significant differences were observed. 
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Incorporation of Tritiated Thymidine in BEL Fibroblast 
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Figure 29. Values are in mean counts per million per cell (CPM/cell) +-
standard error (n=3). Cells wre grown on microglass coverslips treated with 
1X105 CPM [3H] thymidine per coverslip. Incorporation of [3 H] thymidine was 
measured with a Beckman scintillating counter after 24 hours of exposure at 
indicated times. 
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Thymidine Labelling Index 
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Figure 30. Represents a semilogarithmic plot of the labeling index of Wl-38 
cells as a function of calendar time in a single series of subcultivations 
beginning at passage 16 through the entire life cycle of the culture (From 
Cristofalo, 1976). 
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Spectrofluorescent Activity of In Vitro BELF 
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Figure 31. Values are expressed in fluorescing units/mg protein. Cells were 
collected and pooled on a weekly basis. A significant increase (p<0.05) was 
observed in the levels of lipid peroxides on a weekly basis. 
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Lipid Peroxide levels of BELF 
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Figure 32. Values are expressed in fluorescing units/mg protein. Cells were 
collected and pooled on a weekly basis. No significant (p<0.05) changes were 
observed in the levels of lipid peroxides on a weekly basis. 
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Linear Regression Analysis of Weekly Lipofuchsin Autofluorescence 
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Figure 33. Values are expressed in Arbitrary Fluourescing Units +/-standard 
error. Data were analyzed using regression analysis. A significant (p<0.0005) 
increase in lipofuchsin was observed. The 15 observations were made each 
week. A random selection of observations were made when analyzing 
mounted SELF. 
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Figure 34. Bovine embryonic lung fibroblast lipofuchsin autofluorescence 
under blue light irradiation at 40X magnification. An increase in fluorescent 
intensity can be observed from week 1 to 4 (figures 34a, c+35a, c). Figures 34a 
and c show fluorescence, figures 34b and d are the identical view under normal 
light. 
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Figure 35. Bovine embryonic lung fibroblast lipofuchsin autofluorescence 
under blue light irradiation at 40X magnification. An increase in fluorescent 
intensity can be observed from week 1 to 4 (figures 34a, c+35a, c). Figures 35a 
and c show fluorescence, figures 35b and d are the identical view under normal 
light. 
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2.4 Discussion 

We have examined the levels of the major intracellular defense enzymes 

against reactive oxygen species in quiescent SELF. The results show that no 

significant (p<0.05) changes are occurring in the activity of any of the major 

antioxidant enzymes (CuZn SOD, Mn SOD, catalase, glutathione reductase, G-

6-PDH) during in vitro quiescence. Although no significant changes occur a 

trend toward increasing enzyme activity is observed in our model system 

(figures 21 a, b, c and 22b). Slight increases were also observed by Somerville 

[1980] in the activity of Mn and Cu Zn SOD of Wl-38 cells between the 30th and 

50th population doubling level (POL). An increase in Mn SOD and a decrease 

in CuZn SOD activity has been reported in aging rat brains [Vanella et al, 

1982]. Age related declines in SOD activity have been reported in rats, mice 

and fruit fly, but no changes were observed in the SOD activity of human tissues 

[Munkres, 1985]. The remaining antioxidant enzymes may vary accordingly; a 

decrease is observed in the catalase and glutathione peroxidase levels of Wl-

38 cells between the 20 and 51 POL [Sun et al, 1975]; G-6-PDH levels increase 

from the 20th - 50th POL of Wl-38 cells [Fulder, 1979]. For many of the enzymes 

variations in their specific acitivities is dependent on the model used. A 

fluctuation in antioxidant activity may be an indicator of free radical levels. The 
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apparent stable activity levels of the antioxidant enzymes in our quiescent 

model indicate that little or know oxyradical challenge is being placed on the 

cells. 

The nutritional requirements of SELF seem to have a profound effect on their 

growth and replicative abilities. The growth rate of SELF can be regulated by 

controlling the amount of FCS supplied in the medium. At a concentration of 

2% FCS cells will cease to multiply yet still survive. This phenomena of 

maintenance existance was of interest because of the initial induction of the 

mitochondrial SOD. A comprehensive study into the effects of nutritional 

restriction on the antioxidant enzymes in our quiescence model showed no 

significant differences between 10% and 2o/o FCS treatment groups. However, 

a rather significant (p<0.06) difference was observed between the two groups 

at week three and four in total SOD levels (figure 7). This isolated incident may 

indeed be an artifact and warrants further investigation. 

Many studies have shown that caloric restriction and antioxidant 

supplementation may increase the lifespan of an organism. !increases in 

lifespan are mainly due to the inhibition of free radical reactions involved in 

disease processes [Harman, 1986]. The effect of caloric restriction on 

increasing the lifespan of mice is in part due to a decrease in mitochondrial 

aging and decreased 0 2 consumption [Masero, 1982]. In our study we saw no 



110 

significant changes in the antioxidant enzyme levels of nutritionally deprived 

(2°/o vs 10% FCS) verses the control cell groups. Although cells are maintained 

by a 2°/o concentration of FCS, very limited growth rates are observed. This 

caloric restriction may result in reduced replication and cell division but has no 

apparent effect on the activity of the free radical protective enzymes. 

An interesting sequellae to this investigation is the cycling or periodicity which 

occurs in SOD levels of BELF (figures 24, 25, 26). This periodicity varies from 

one cell line to another. The BELF can undergo a 3 to 5 fold increases in SOD 

levels several times over a period of just a few weeks. The drastic daily 

variations seen in the levels of SOD in BELF may implicate a broad regulatory 

mechanism, where fluctuations in 0 2-, OH", H20 2 or even protein factors may 

initiate a response. Somerville [1980] has suggested the presence of a 

stabilizing factor which prevents the alteration of SOD to an inactive form and is 

related to changes which may occur in the physiological environment. A factor 

of this type may be of significance in our model since these drastic variations in 

enzyme levels cannot be correlated to media changes or enhanced replication 

of the cell. 

In Figures 27 and 28 no significant changes were observed in the intracellular 

levels of Zn and the extracellular levels of either Cu or Zn. A significant 

increase was (p<0.01) shown in the intracellular Zn levels. This significant 
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increase cannot be correlated to the CuZn SOD, one would expect to see an 

increase in the levels of Cu also. Zn does play a role in the stability of of the 

enzyme, with no dismutation function [Forman and Fridovich, 1973]. The 

increase in intracellular Zn levels with time may serve to form and stabilize the 

active site of the protein, but addition of copper alone to the apoprotein restores 

total dismutase activity. The manganese SOD has evolved and survived quite 

well with one metal at the active site [Steinman, 1982]. The increase in Zn 

levels might correspond to a decrease in the stability of the enzyme. 

Quiescence inhibits cell growth, and DNA replication. The inhibition of cell 

growth in this system may slow down cellular metabolism. When cells reach a 

contact inhibited state they enter into a resting phase of the cell cycle, 

commonly referred to as G 0 • During G0 cells do not undergo DNA replication, 

however continue transcribing RNA and sythesizing proteins. The role of the 

antioxidant enzymes in cellular metabolism is primarily one of protection, if no 

stress or insult is placed upon the cell there would be no need for the levels of 

antioxidants to be modified, which is the case for this quiescence model. 

Another feature of this model is that cells in the G0 phase are ready and gearing 

up for DNA replication. When the cells are released from contact inhibition DNA 

replication and cell division begins. This might imply that stabilization of the 

enzyme levels in contact inhibited cells maybe a consequence of a stagnant 



112 

DNA population and that a role for the antioxidant enzymes is to protect actively 

replicating cells from somatic damage caused by free radicals (0£, OH", singlet 

oxygen). 

Normal dipliod cells in culture have a limited proliferative capacity. The 

quiescence model developed for this study relies on the cell to cell interactions 

which inhibits cell growth, thereby reducing the replicating ability of the cell. 

Cristofalo [1976] has categorized three different levels of proliferation for normal 

human cells according to the cells ability to incorporate [3H] thymidine. The first 

stage involves an exponential labelling of nuclei within the first 24 - 50 hours of 

cell growth then a plateau is reached. The second phase continues until an 

exponential decrease in the incorporation of the [3H] thymidine occurs (phase 

Ill) and the eventual demise of the cells (Figure 30). The similarity between the 

classical model for cellular aging and our density dependent model involves a 

similar decline in the cells replicating ability with time. In Figure 29 we see that 

BELF show a decrease in their proliferative vigor after a period of 5-10 days, 

thereafter maintaining a basal level of DNA synthesis. This level of DNA 

synthesis is observed in very late passage cells in Cristofalo's model. This 

similarity suggests that the density dependent model can serve as a tool to 

mimic decreased DNA synthesis seen in cells which undergo serial 

subcultivations. 
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The initial decline observed in the uptake of [3H] thymidine in our experiment 

(figure 29) can be explained by the fact that these cells are released from 

confluency and subcultured. When the cells are reseeded they are in a 

synchronous state, meaning they will divide and replicate simultaneously. This 

phenomena is observed with the BELF on day 4 of figure 29. Thus, very little 

uptake of [3H] thymidine would occur. 

Figures 31 and 32 depict the time dependent production of lipid peroxides in 

BELF. In Figure 31 fluor units/mg protein versus time and figure 32 is plotted in 

fluor units/ 1X106 cells versus time. The latter expression of fluor units/ 1X106 

cells versus time is a better indicator of the changes occurring during 

differentiationof an "average" cell. The normalization of fluor units to cell protein 

content gives different results " because of the 50% decrease in cell protein 

content due to dimunution of cell size during maturation" [Spier and Newburger, 

1986]. In Figure 32 no significant differences are seen in lipid peroxide levels 

with time. Many investigators have used lipid peroxidation as an indicator of 

free radical production both in vivo and in vitro [Mak and Misra, 1983; 

Goldstein et al, 1979; Saprin and Piette, 1976]. These results indicate that no 

drastic changes are occurring in the levels of free radicals in our quiescent 

cells. 
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Age pigment (lipofuchsin) formation has been cited as evidence that lipid 

peroxidation is a significant process in vivo [Mead, 1976; Tappel, 1972]. It is 

also known that as cultures approach phase Ill their content of lipofuchsin 

appears to increase [Brunk, 1973]. The fluorometric properties of lipofuchsin 

has been used by various investigators to quantitate aging pigment [Brizee et 

al, 1974; Deamer and Gonzales, 1974]. In this experiment a significant 

(p<0.0005) increase in the amount of autofluorescence occurring in BELF with 

time is shown (Figure 33). In Figures 34 and 35 the visible increases in 

autofluorescence are shown. A similar study by Collins and Brunk [1978] 

showed a four fold increase of the volume density of cell taken up by lipofuchsin 

or residual bodies. These results are of interest since in vitro cell cultures 

appear to have an enormous capacity to accumulate residual bodies and do so 

in a few weeks. The same cells in vivo would take a lifetime to reach such 

levels of lipofuchsin accumulation. Thus, the in vitro conditions are optimal for 

lipofuchsin formation. When these same density dependent cells are allowed 

to grow logarithmically they dilute their content of age pigment. These findings 

suggest that as cells decrease their proliferative rate and approach phase Ill the 

accumulation of residual bodies is inevitiable [Brunk and Collins, 1981]. The 

fluorescent properties used for characterization of lipid peroxides and 

lipofuchsin pigment give contrasting data. Lipid peroxide levels are not 
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consistent with the increases in the level of lipofuchsin. Both methods have 

been clearly established and found to be quite specific. The idea that lipid 

peroxidation is a major cause of lipofuchsin formation needs to be reassesed. 

Lipid peroxidation may be a less significant antecendent of lipofuchsin 

formation than previously proposed or lipid peroxides can be removed quickly 

by the cell. 

In conclusion, the involvement of free radicals in the aging process has not 

been conclusively established. The quiescent model developed shows several 

characteristics of cells aged by serial cultivation. These include: (1) a decrease 

in DNA proliferative vigor; (2) an accumulation of lipofuchsin with time; and (3) 

appearance of a great many cellular occlusions. These characteristics are 

observed when serially cultivated cells reach phase Ill [Cristofalo, 1976; Brunk, 

1973]. A consequence of lipofuchsin formation would be an enhancement in 

the amounts of lipid peroxidation occurring within the cell. An increase in lipid 

peroxidation is not demonstrated but the amount of peroxidation observed here 

may be sufficient to produce an accumulation of age pigment with time. The fact 

that no significant changes were seen in the levels of any of the antioxidant 

enzymes seems to downplay the role of free radicals in process of quiescence. 

The stress put on the cell in the contact inhibited state may not be sufficient to 

activate the protective machinery against free radical damage. This might be 
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correlated to the stalling of DNA replication in the G0 phase of the cell cycle 

thus a major focus of the antioxidant enzymes maybe in protecting the DNA 

synthesis machinery when replication is underway. 

The increases observed in the levels of lipofuchsin can not be correlated with 

an increase in any of the antioxidant enzymes. If an increased level of 

peroxidation was occurring one would expect to see antioxidant enzyme levels 

rise. Similar findings were also reported in the tissues of aging human adults 

[Koster et al, 1981]. 

Finally, no correlation can be made between the antoxidant enzymes, free 

radicals and the age of the density dependent cells. Increases were observed 

in the amount of lipofuchsin present in the cells but could not be correlated with 

changes in enzyme levels. It might be implied from this data that increases in 

aging pigment are not met with by a modification of the enzymes protecting 

against free radicals, thus an overall degradation of the cell may occur. This 

does not correspond to similar increase in the levels of lipid peroxidation in the 

cells. 

Quiescent cells have many of the characteristics of aging cells. These 

include an inhibition of cell division with a corresponding block in the DNA 

synthesis machinery, accumulation of age pigments, and formation of cellular 

occlusions. It is not clear whether quiescent cells are indeed an indicator of 
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aging at the cellular level. One major difference between the two models is the 

ability of quiescent cells to be rescued from their stagnant state while serially 

subcultivated (aged) cell can not be rescued. At present there is no evidence 

that overwhelmingly supports either side of this issue. 

The contrasting data presented here are representative of the complexities 

involved when studying antioxidants at the cellular level. The limitations in 

detecting free radicals at the cellular level prevents one from acquiring direct 

evidence of these damaging species. Only indirect methods of detection at the 

cellular level are available at present, so we cannot throw out the possibility that 

oxyradicals are involved in quiescence. However, if the presence of the 

antioxidant enzymes and lipid peroxidation products are sufficient indicators of 

radical mediated damage, little if any changes are occuring in the free radical 

levels of our density dependent model. 
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3.1 Introduction 

The free radical theory of aging suggests that a time-dependent accumulation 

of damage caused by free radicals limits lifespan. The longevity of a species is 

dependent on the organisms ability to protect against the free radical mediated 

insult with time. It has been shown, in some cases, that longer lived species 

have more effective defensive mechanisms against radicals than shorter-lived 

species [Cutler, 1981 ]. Another alternative is that cellular defenses against 

damage from radicals may become less effective with time [Pryor, 1987]. 

The body has developed a complex defense mechanism against oxidative 

damage. A series of enzymes are available to control the damage incurred by 

these oxygen byproducts. The keystone of this defense is superoxide 

dismutase (SOD) which catalizes the dismutation of two 0£ to H20 2 and 0 2• In 

mammalian cells two species of the enzyme exist. The copper and zinc 

containing SOD (CuZn SOD) is primarily located in the cytosol and the 

manganese SOD (Mn SOD) which is located in the mitochondrial matrix. A host 

of other enzymes are present which work together to offset the detrimental 

effects of oxygen metabolites. These include catalase, glutathione reductase 

and peroxidase, and glucose-6-phosphate dehydrogenase [see review 

Halliwell and Gutteridge, 1986]. 

The results of studies which have addressed the time-dependent changes 

occuring in the activity of the antioxidant enzyme are suggestive but 
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inconclusive. Studies in our lab have shown no significant changes in the 

levels of the antioxidant enzymes of in vitro bovine embryonic lung fibroblasts 

with age. Similar observations have been reported in human tissues [Munkres, 

1985]. Other studies have shown both increases and decreases in the levels of 

Mn SOD in Wl-38 cells [Somerville, 1980], and aging rat brain [Vanella, 1982]. 

The other antioxidant enzymes display similar variability of their activity in aging 

models[Sun et al, 1975; Fulder, 1979]. At present their is no direct correlation 

between aging and the activity of the antioxidant enzymes. 

Many studies have looked at the effects of dietary supplementation of 

antioxidants on lifespan. For example, dietary antioxidants increase the 

lifespan of mice, rats, fruit flies, nematodes and rotifers [see review Harman, 

1986]. In one case, addition of 1.0%(wt/wt) 2-mercapto- ethylamine to the diet 

of male LAF1 mice increased the average life span by 30% [Harman, 1968]. 

These data suggest that dietary supplementation of antioxidants has profound 

effects on the longevity of certain species. If dietary manipulation is effective in 

extending lifespan, genetic control of one or all of the antioxidant enzymes may 

also contribute to delaying onset of the aging phenomena. 

In this study we begin to look at the genetic mechanisms involved in 

regulating manganese superoxide dismutase. This mitochondrial antioxidant 

enzyme was chosen since approximately 90% of the 02 used by the cell is 

utilized in the mitochondria. To address the question of regulation we have 



128 

begun to develop an induction system for the Mn SOD in bovine embryonic 

lung fibroblasts (SELF). The induction model will then be used with inhibitors of 

protein and RNA synthesis to determine the site of regulation of the enzyme i.e. 

transcription, translation, or post-translation. 

3.2 Material and Methods 

3.2.1 Cell Culture 

Bovine embryonic lung fibroblasts were cultured as in section 1. Human 

pulmonary endothelial cells (HAE) were received from Dr. Walker of the thoracic 

disease research department of the Mayo Clinic. Cells were cultured in 

medium 199 containing 50ug/ml of endothelial cell growth supplement, 200mM 

glutamine, and 0.08 units/ml penicillin-streptomycin (Sigma). All experiments 

were performed on cells which had reached confluency and that had attained 

the characteristic cobblestone pattern of a viable endothelial cell line. 

Identification of the endothelial cells was carried out using Factor VIII 

immunofluorescence, as introduced by Jaffe, Hayer and Nachman [1973]. 

There are no reported cases of endothelial cells being negative or of 

nonendothelial cells being positive for factor VIII antigen. In our study, 

endothelial cells showed uniform fluorescence. Bovine pulmonary artery 

endothelial (BPAE) cells were obtained from the American Cell Type Collection 

(CCL-109) in the 16th passage. Cells were seeded at approx 1X 106 
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cells/25cm2 culture flask and supplemented as indicated above. Culture 

medium was changed on the 1st or 2nd day after the initial culture and biweekly 

thereafter. For subculture, cells were treated with 0.25°/o trypsin and 1X10-4 M 

ethylenediaminetetraacetic acid (EDTA) disodium salt. Released cells were 

split in a 1 :2 or 1 :4 ratio. Subcultures were treated similarily with regard to 

medium changes and incubation conditions. 

3.2.2 Induction of Mn Superoxide Dismutase 

All induction experiments were carried out on confluent cell layers of either 

BPAE or BELF. Several methods were used for induction purposes. Confluent 

cells were treated with various concentrations of escherichia coli endotoxin 

0.55:85 (Sigma chemicals) for the times indicated in Figures 36-40. BELF were 

also placed under hyperoxic conditions for 24 to 48 hours as described by 

Crapo (1974]. Alternatively, cells were placed under illuminating fluorescent 

lights. In all circumstances SOD levels were determined by the method of Misra 

and Fridovich (1972]. 

3.2.3 Superoxide Dismutase 

Cell lysates were prepared as described in section one. Total SOD activity 

was determined by the method of Misra and Fridovich (1972], based on the 

ability of the enzyme to inhibit the auto-oxidation of epinephrine to 

adrenochrome at pH 1 0.2. The reaction was followed spectrophotometrical 
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(Shimadzu Kinetic Spectrophotometer) at 480 nm. One unit of SOD activity was 

defined as the amount of enzyme needed to obtain 50% inhibition of 

epinephrine auto-oxidation. Mn SOD activity was assayed similarly but in the 

presence of 2mM KCN, which inhibits the CuZN SOD activity. Cu Zn SOD 

activity can then be determined by subtracting the cyanide insensitive SOD 

activity form the cyanide sensitive SOD. 

SOD activity was also measured after protein concentration was determined 

by loading 50 -150 ug protein to a native 10% polyacrylamide gel and staining 

for SOD activity (Beauchamp and Fridovich, 1971 ). 

3.2.4 Proteins 

Protein concentrations were determined according to the dye binding method 

of Bradford [Bradford, 1976] with recrystallized bovine serum albumin as the 

standard. Coomassie Brilliant Blue G250 binds proteins and causes a shift in 

the absorption maximum of the dye from 465 to 595 nm. The protein is 

quantitated by monitoring the increase in absorption at 595 nm 

spectrophotometrically. All enzymes were expressed per mg protein. 

3.2.5 Inhibitors of RNA and Protein Synthesis 

The use of inhibitors of nucleic acid synthesis for broad determintaion of 

enzyme control has been well established [Tscherne et al, 1985; Baglioni, 
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1986; Wong and Goeddel, 1988]. Cycloheximide and actinomycin D (Sigma) 

were used in or laboratory for inhibition of protein and RNA synthesis, 

respectively. All cell were grown on micro-glass coverslips to confluency and 

treated with 1 uCi/coverslip of [3H] leucine or uridine in the presence of various 

concentrations of cycloheximide or actinomycin D. Incorporation tritiated 

leucine and uridine was monitored using a beckman scintillation counter. 

3.3 Results 

The induction of the manganese containing superoxide dismutase in cultured 

bovine pulmonary endothelial cells by exposure the E. coli endotoxin was 

reported by Shiki et al [1987]. Shiki reported that log increments of endotoxin 

from 1 o-s to 10-1 ug/ml over 24 hour incubation failed to demonstrate any effect 

of endotoxin on pulmonary endothelial cytochrome-c oxidase, catalase or CuZn 

SOD. In contrast, cell Mn SOD was markedly increased at 1-4 ug/ml endotoxin , 

(from 0.045 ug/mg protein in control to 0.15 ug/mg protein) with a further 

increase (0.30 ug/mg protein) at 1 o-3ug/ml endotoxin. This experiment was 

repeated in our laboratory using both human and bovine PAE cells and no 

significant increases were observed between control and 10·3 ug/ml endotoxin 

treatment groups and their corresponding Mn SOD levels. In one case (Figure 

36) a significant decrease (p<0.05) was observed in CuZn SOD levels after 

treatment for 12 hours with 1 o-3ug/ml endotoxin. However, a significant 
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induction of this enzyme was observed with 0.01 ug/ml endotoxin. Thus, a 12, 

and 30 fold increase over a period of twelve hours was observed in the levels of 

Mn SOD and CuZn SOD, respectively (Figure 37). This dose of endotoxin had 

a minimal effect on cell viability. Endotoxin concentration of 0.1 ug/ml also 

demonstrated significant increase in Mn SOD levels in human and bovine PAE 

cells after exposure for 12 and 24 hours (Figure 38). However, this dose was 

toxic to the cells and a 75% mortality was observed after 24 hours. The effect of 

0.1 ug/ml endotoxin on BELF is shown in Figure 39. No significant differences 

were observed in the levels of either the Mn or CuZn SOD from controls. The 

effect of various concentrations of endotoxin on the SOD of SELF is shown in 

Figure 40. No significant differences in SOD activity was observed for any of 

the indicated concentrations but a significant increase in cell density was 

observed (Figure 40b). 

The effects of hyperoxia on SOD levels of SELF cells is shown in Table 3. A 

small increase in the levels of Mn SOD is shown. 

Preliminary data suggested that fluorescent light had a dramatic effect on the 

level of Mn SOD in BELF. This was later found to be an artifact caused by 

decreasing protein concentration of the dehydrated cells. Experimental 

modifications were made and no increases in the Mn SOD levels were 

observed. However, a significant (p<0.005) decrease in the levels of CuZn 

SOD versus control was shown (Figure 41 b). 
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The effect of actinomycin D and cycloheximide on RNA and protein synthesis 

in BPAE is shown in figures 42 and 43, respectively. A concentration of 6.8 X 

1 o-sM cycloheximide was shown to cause approximately 50% reduction in 

protein synthesis. Actinomycin D had a 50% inhibitory response at 

concentrations between 0.01 and 0.016 ug/ml (Figure 42}. A similar response 

was observed for actinomycin Don the RNA synthesis of BELF. The 6.8X1 o-a M 

cycloheximide also inhibits 50% of protein synthesis in BELF [Barbacid and 

Vazquez, 1974]. 

In Figure 44 the results of inhibition of protein and RNA synthesis on the 

induction of the Mn SOD by endotoxin in BPAE cells are shown. SOD activity 

staining [Beauchamp and Fridovich, 1971] of the Mn SOD (+ 0.005M CN) 

indicate that both actinomycin d and cycloheximide reduce the induction of the 

enzyme (Figure 44a}. When the cells are treated with only CHX or Act Dor both 

of the inhibitors no induction is seen. In Figure 44b the same treatments were 

utilized and the Cu Zn SOD activity determined. An induction of the Cu Zn SOD 

is observed for all treatment groups. Spectrophotometric quantitation of the Cu 

Zn SOD was not possible due to the low sample volume. 
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The effect of 0.001 ug/ml Endotoxin on the 
SOD levels of HP AE Cells 

0 

Control 
12 hours 
24 hours 

12 
time (hrs) 

Mn SOD 
6.6 +/- 24 

10.4 +/- 0.3 
10.5 +/- 1.3 

24 

CuZn SOD 
17.4 +/- 6.1 
1.8 +/- 1.2 

~ MnSOD 
IDI Cu Zn SOD 

Figure 36. Values are means+/- standard errors as determined in units/mg 
protein. The number of samples for Control, 12 hours, and 24 hour 0.001 

ug/ml endotoxin treatment are 4, 2, and 2, respectively. The symbol(-) 
indicates that not enough sample was available to determine the enzyme 
activity. Each sample was taken from one 75cm2 culture flask. No significant 
differences were observed for any of the treatment groups with respect to 
controls. 
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The Effect of 0.01 ug/ml Endotoxin on 
SOD Activity of Bovine Puhnonary Artery Endothelial Cells 
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Mn SOD 
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CuZn SOD 
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21.84 
113.60 
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liJ 

Mn SOD 
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Figure 37. Values are enzyme activity of one sample as determined in units/mg 
protein. No statiscal analysis was done due to the limited sample size of the 
0.01 ug/ml endotoxin treatment groups. Each sample was taken from one 
75cm2 culture flask. 
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Effect of 0.1 ug/ml Endotoxin 0.5:B55 on HP AE cells 
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Time (hrs) 

Mn SOD 
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252.5 +/- 71 .5 
1 00. 7 +/- 12.1 

~ 
1!11 

24 

CuZn SOD 
27.3 +/- 18.6 

104.0 +/- 72.2 

Mn SOD 
CuZnSOD 

Figure 38. Values are means+/- standard errors as determined in units/mg 
protein. The n=3 for Control, 12 hours, and 24 hour 0.1 ug/ml endotoxin 
treatment. Data were analyzed using Dunnet's Multiple comparison test 
(p<0.05). Significant differences were observed for the 12 and 24 hour Mn 
SOD treatment groups from those of control (p<0.05). Cells were grown to 
confluency on microglass coverslips and then treated with 0.1 ug/ml endotoxin. 
SOD Specific activity was determined for each coverslip. The symbol(-) 
indicates that not enough sample was available to determine the enzyme 
activity. 
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The effect of O.lug/ml Endotoxin 0.5:B55 on 
the SOD levels of BELF 
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Mn SOD 
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105.0 +/- 9.0 
160.0 +/- 48.0 

12 24 
Time in Hours 

CuZn SOD 

42.45 +/- 23.5 
48.30 +/- 7.79 

~ MnSOD 
mJ CuZnSOD 

Figure 39. Values are means +/- standard errors as determined in units/mg 
protein. For all groups n=2. Data were analyzed using Dunnet's Multiple 
comparison test (p<0.05). No significant differences were observed between 
the control and any of the 0.1 ug/ml endotoxin treatment groups. Each sample 
was taken from one 75cc2 culture flask. The symbol (-) indicates that not 
enough sample was available to determine the enzyme activity. 
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The Effect of Endotoxin on SOD activity and Cell number of SELF 
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Mn SOD Cu Zn SOD 
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Figure 40. Values for the Mn SOD and CuZn SOD are means+- standard errors as determined in 
units/mg protein. Values for cells/ml were determined by trypan blue exclusion cell counts were 
taken on a hemacytometer at 20X magnification on a Leiss compound microscope. Data was 
analyzed by Dunnets multiple comparison test (p<0.05). No significant differences were 
obeserved between the control and endotoxin treatment groups. SOD levels are shown in figure 
(a) and cell number in figure (b) with respect to endotoxin dose. Each SOD sample was taken from 

a 75 cm2 culture flask. For cell counts samples were collected after treatment from a 6 well 
microtiter plate. Values indicate the pooled cell number of 2 wells/treatment group. 
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The Effect of Fluorescent light on the SOD levels of SELF 

-5 0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30 
Time Exposed (hours) 

Treatment 
Control 
3 hours 
6 hours 

12 hours 
20 hours 
24 hours 

Cu Zn SOD 
27.9 +/- 2.5 
9.3 +/- 4.5 
6.3 +/- 5.6 
9.0 +/- 3.7 

13.0 +/- 1.4 
8.4 +/- 3.8 

Time Exposed (hours) 

Mn SOD 
21.0 +/- 1.5 
26.3 +/- 4.4 
26.4 +/- 4.4 
27.0 +/- 2.6 
22.3 +/- 1.8 
27.0 +/- 5.0 

Figure 41. Values are means +/- standard errors as determined in units/mg 
protein. For control group n=6, for all others n=3. In Fig. 41a (Mn SOD) and 
41 b (CuZn SOD) the 0.0 is used as the control group. Data was analyzed 
using Dunnet's Multiple comparison test (p<0.005). Significant decrease was 
observed in Cu Zn SOD (Fig. 41 b) levels between all fluorescent light exposure 
times and the control group. Each sample was taken from one 75 cm2 culture 
flask. 
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The Effect of Actinomycin D on RNA Synthesis of BAE cells 
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Control 0.211 3 0.014 0 

10·1 0.038 2 0.003 81.8 
10·2 0.115 2 0.006 45.7 
10·3 0.163 3 0.020 23.3 
10·4 0.195 3 0.010 8.2 
10·5 0.211 2 0.014 0 
1 o·s 0.211 3 0.014 0 

Figure 42. Values are in counts per minute/cell (CPM/cell) with their 
corresponding standard deviation (SD). Percent inhibition of RNA synthesis is 
also shown. Figures represent a double Y-Plot with CPM/cell on the left axis 
and 0/o inhibiton of RNA synthesis on the right axis. The n value for each group 
is indicated in the above table. See text for experimental protocol. 
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Effect of Cycloheximide on Protein Synthesis of BAE Cells 
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Figure 43. Values are in counts per minute/cell (CPM/cell) with their 
corresponding standard deviation (SD). Percent inhibition of Protein synthesis 
is also shown. Figures represent a double Y-Plot with CPM/cell on the left axis 
and% inhibiton of Protein synthesis on the right axis. The n value for each 
group is indicated in the above table. See text for experimental protocol. 



142 

Effects of Oxygen on Superoxide Dismutase Levels of Cultured Wl-38 Cells. 

~ 
76 +- 5 

158 +- 2 
228 +-10 
304 +- 12 

Total SOD 
u n jts/mg protej n 

8.6 
10.6 
15.2 
14.6 

CN - insensitive 
SOD. units/mg protein 

5.4 
5.0 
9.0 
8.2 

Table 3. Cells of pasage 25 to 35 incubated at 37° C with 5% C02 ; cells seeded 
at 104 cells/cm2 ; gas mixtures contained appropriate p02 , 5% C02 and balanced 
with N2. The media used was equilibrated with gas mixture before seeding. 
Cells were pooled from flive flasks each harvested at confluency. 
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The Effect of Actinomycin Don the RNA Synthesis of SELF 

Actinomycin D 
ug/ml 
0.010 
0.012 
0.014 
0.016 

CPM/cell 
0.988 +- 0.175 
0.904 +- 0.260 
1.024 +- 0.150 
0.967 +- 0.120 
2.055 +- 0.440 Control 

% lnhjbjtjon 
51.93 
56.07 
50.20 
53.00 

0.0 

Tabie 4. Values are in counts per minute/cell (CPM/ce!!) with their 
corriesponding standard deviation (SD). Percent inhibition of RNA synthesis is 
also shown. The n value for each group is 2. See text for experimental 
protocol. 
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The Effect of RNA and Protein Synthesis inhibitors on the Induction 
of Mn and Cu Zn SOD in BPAE Cells 
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Figure 44. Gels were 10% polyacrylamide each lane was loaded with 75 ug or 100 ug protein 
(samples were collected as described in materials and methods section) for Cu Zn and Mn SOD 
activity respectively. The gels compare lysates with untreated BPAE cells (lane 2) 0 01ug ml 
endotoxin (lane 3) , endotoxin and Act D (lane 4), endotoxin and CHX (lane 5), 0 012 t.ct d (lane 
6) , 6.8 X 10-1MCHX (lane 7) , Act d and CHX (lane 8), endotoxin, Act D and CHX (lane 9) treated 
BPAE cells. For the Cu Zn activity gel endotoxin , Act D and CHX treatment was omitted due to 
small sample volume. The outer lanes were loaded with 1 unit of Cu Zn and Mn SOD L an0c, 1 and 
1 o figure A, lanes 1 and 9 figure B) . 
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3.4 Discussion 

A primary function of SOD is generally accepted to be the protection of the cell 

from the toxic effects of accumulated 0 2-. The activity of the enzyme in 

procaryotic cells can be induced under conditions which cause 0 2- production, 

such as chronic exposure to hyperbaric oxygen [Gregory and Fridovich, 1973; 

Stevens, 1977]. In cases of chronic 0 2- exposure where hyperbaric 0 2 does not 

induce a change in either the cytosolic or mitochondrial SOD cellular damage 

occurs. This is likely the result of peroxidative processes which are brought 

about as a result of 0 2- [Gutteridge, 1984]. Further evidence that SOD activity 

can be influenced by 0 2 concentration has been reported by Hassan and 

Fridovich [1978]. They discovered that Eschirichia coli exposed to paraquat 

had enhanced SOD activity and suggested that this was due to increased 

production of 0 2- which is a product of the metabolism of paraquat. The 

induction of SOD has been reported by Shiki et al [1987] in bovine pulmonary 

artery endothelial cells (BPAE). They reported that exposure of BPAE to 

Eschirichia coli endotoxin resulted in an increase in Mn SOD without changing 

Cu Zn SOD, GSHPX, or Catalase levels. In this study we have monitored the 

effects of the inducing components shown above. Hyperoxic conditions 

demonstrate an increase in cellular levels of the CN- insensitive SOD (Table 

3). These data further support the hypothesis that SOD activity is mediated by 
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oxidative stress on the organism. In our studies the induction of the Mn SOD in 

BPAE by endotoxin is demonstrated. This induction occurs optimally at a 

concentration of 0.01 ug/ml endotixin with no morphological damage to the cell . 

Shiki reports a 7-fold induction of the Mn SOD of the BPAE in culture at 10-3 

ug/ml endotoxin. A similar study in our lab showed no significant differences in 

SOD levels Bn controls and endotoxin (10·3 ug/ml) treated cultures. However, a 

12 fold increase in the activity of the Mn SOD was observed in the presence of 

0.01 ug/ml endotoxin over a period of 12 hours. Furthermore, a drastic increase 

was observed in the levels of the Cu Zn SOD (30-fold). These finding differ 

significantly from those of Shiki where no significant increases were observed 

in the activity of the cytosolic SOD. The discrepancy in the dose response may 

be due to the distinctive assay methods used for the SOD. The variation 

between spectrophotometric and radioimmuno assay for detection of SOD may 

cause differences in the overall levels of SOD. The large increases in the levels 

of Cu Zn SOD seen in this study in the presence of endotoxin are not in 

agreement with the finding of Shiki. A recent report by Wong and Goedde! 

(1988] has demonstrated an induction of the Mn SOD mRNA by tumor necrosis 

factor (TNF) and lnterleukin-1alpha and 1 B (IL). They have also shown that no 

changes were observed in the levels of any of the other antoxidant mRNA. This 

induction of Mn SOD by TNF may be of interest in the mechanism of endotoxin 

induction of Mn SOD. Lipopolyssacharides have been shown to induce 
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cytokines (TNF, IL, etc.) in many cell lines [Darnell et al, 1986]; this may lead to 

an secondary induction of the Mn SOD by endotoxin and the primary response 

may be caused by a cellular cytokine. This may explain the protective effect 

offered by TNF against damage caused by ionizing radiation [Wong, 1988]. 

In Figure 41 it was observed that normal levels of fluorescent light are 

sufficient to significantly (p<0.001) reduce the cytosolic SOD levels in BELF. It 

has been previously reported that exogenous free radical producers, such as 

fluorescent light, can induce cytosolic SOD in procaryotic systems [Gregory and 

Fridovich, 1973]. These contrary findings between procaryotic and eucaryotic 

species may be suggestive of a decreased ability of the BELF to complement 

for any changes in free radical levels. This finding may be useful in studying 

photo-irradiation responces at the cellular level. 

Endotoxin treatment of the SELF showed no significant changes in the levels 

of the manganous SOD (Figure 40). However, the endotoxin did cause an 

order of magnitude increase of the number of cells in culture. The stimulation of 

lung fibroblast cell division by endotoxin has been previously reported. 

The apparent lack of induction of the Mn SOD in SELF contrasts any changes 

that occur in the BPAE cells. This paradox is not easily explained. This may be 

suggestive of the sensitivity of certain cell lines towards oxidative burst brought 

about by a variety of components i.e., ionizing radiation, phagocytosis and 
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respiratory chain enzymes. The ability of cell lines to counteract these oxidative 

threats may be related to their protective role in the body. 

In this study we have been able to induce the Mn SOD in BPAE. We have 

also carried out dose response studies for cycloheximide and actinomycin D 

which are inhibitors of protein and RNA synthesis, respectively. Wong and 

Goeddel [1988) have shown that the induction of the Mn SOD mRNA by tumor 

necrosis factor (TNF) is blocked by actinomycin D and not affected by 

cycloheximide. In this experiment we used 50% inhibitory dose of CHX and Act 

D because complete inhibition of either protein or RNA synthesis in the 

presence of endotoxin causes complete cell death in a matter of hours. These 

findings support those of Wong and Goeddel. Thus, TNF action on the 

manganous SOD is not dependent on the denovo synthesis of polypeptides but 

somehow directly affects the mRNA levels of the cell. One of the sites of attack 

of these species on certain cell lines may be dependent on the factors ability to 

stimulate oxidative degradation in the mitochondria. The functional integrity of 

the cell may be dependent on the ability of the mitochondria to synthesize Mn 

SOD in response to this stimulus. 

The inability to induce SOD response in SELF by any of the above methods 

leads us to question the variability of the mechanisms controlling this 

antioxidant in different cell lines. The specificity of the BPAE and HPAE to 

endotoxin induction may make them an ideal model for the study of the 
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regulation of the Mn SOD. Endothelial cells are also particularly well-suited as 

a model system for the study of cellular senescence in vitro for several reasons. 

First, endothelial cells from many species can be obtained from various 

anatomic sites [Schwartz, 1976]. Second, in contrast to other commonly studied 

cultured cell types, such as lung and embryo fibroblast-like cells, endothelial 

cells have a clearly defined histologic origin. There are also sufficient numbers 

of endothelial cells that can be obtained for the study of primary cultures that are 

nearly homogenous. Finally, in analogy to diploid fibroblast systems that have 

been studied for many years, serially cultivable endothelial cultures can be 

obtained that retain stringent growth control, normal karyotypes, and finite life 

spans [Rosen et al, 1981 ]. Future investigations might be directed toward 

determining regulatory controls of the antioxidant enzymes in aging endothelial 

cell lines. The effect of enhancing these enzymes by outside stimulus and the 

subsequent changes in cellular longevity which may occur in endothelial cell 

lines might give us further insight into the mechanisms involved in the aging 

process. 
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