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Apoptosis is a morphologically distinct form of cell death that is involved in many 
physiological and pathological processes. Because of its integral part in development it 
is frequently referred to as programmed cell death (PCD) . This form of cell death has 
been shown to be involved in the development of the nervous system (1) and gut (2) and 
in the remodeling of the limb buds (3) and bones (4). PCD is also involved in 
homeostasis. It is particularly important in the immune system where lymphocytes are 
removed when they fail to correctly arrange their receptors, are self-reactive, or fail to 
recognize foreign antigen (5-7). One mechanism of protection against viral infection, since 
the host cell produces the viral particle, is to kill the infected cell (7, 8). Cell death can 
also be used to minimize the risk of cell damage and mutation, such as gut epithelium 
(9, 1 0) which is exposed to carcinogens in the diet, and skin which is exposed to UV 
radiation (11, 12). If mutation does occur, TNF has been shown to induce apoptosis in 
transformed host cells (13, 14). 

Cells undergoing apoptosis become round from cell shrinkage, compact chromatin 
against the nuclear membrane, undergo enzymatic fragmentation of the nuclear DNA, and 
finally break up with disruption of the cellular membrane with budding to form membrane
bound fragments known as apoptotic bodies. Intracellular organelles are preserved until 
late in the process. This distinctive pattern was named apoptosis, after a Greek word 
describing a plant shedding its leaves (15). Some studies demonstrate that preventing the 
cell from engaging in protein synthesis blocks apoptosis (16-20), however others 
demonstrate that macro-molecular synthesis inhibitors do not protect the cell from death 
(21-23). 

Investigation of embryonic development in the tiny, transparent roundworm 
Caenorhabditis elegans proved to be a valuable resource for identifying genes active in 
apoptosis. This microscopic worm has only 1090 cells, and during embryonic development 
a total of 131 cells undergo programmed cell death (24-26). The search for genes 
encoding proteins involved in apoptosis has led to the identification of 14 genes that are 
involved at various stages of PCD in C. elegans (27-29). Three of these genes are 
involved in the regulation and execution of all of the 131 cells. The activity of two of the 
three genes, ced-3 and ced-4 (called ced for cell death abnormal), are required for cells 
to die (30), while the third, ced-9, is involved in rescue of the cells from PCD (29). 
Further work showed that ced-9 is necessary for survival only when ced-3 and ced-4, the 
suicide genes, are functional suggesting that ced-9 works by preventing ced-3 and ced-4 
activity (27 ,29). 

In mammalian cells, a gene product of bcl-2 was shown to prolong cell survival in 
culture without affecting the growth of these cells (31). The bcl-2 gene was discovered 
only in the late 1980's and had been identified as a cancer causing antigen (32). BCL-2 
is the acronym for the B celllymphomalleukemia-2 gene. This gene was first discovered 
to participate in the majority of follicular non-Hodgkins B cell lymphomas, where 
chromosomal translocations activate the gene. The bcl-2 gene is moved from its normal 
chromosomal location at 18 q 21 into the locus for the immunoglobulin heavy chain (IgH) 
at 14 q 32. This translocation results in overproduction of bcl-2 mRNAs and the encoded 
proteins (33). It was later shown to protect immune cells, especially lymphocytes, from 
apoptosis and later work showed that it protects neurons as well. 
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Hockenbery et al. formally demonstrated that bcl-2 was capable of blocking 
apoptosis (34) . They also located the bcl-2 protein to the mitochondria, endoplasmic 
reticula, and paranuclear membrane. More recent studies of BCL-2 function have 
demonstrated that there is a role for this gene in the suppression of apoptosis in post
mitotic cells as well (35,36) . Bcl-2 expression plasmids were micro-injected into neurons 
which normally undergo apoptosis when their normal growth factors are removed. bcl-2 
functioned to markedly delay the rate of cell death that occurred upon removal of the 
neurotropic factors from the cultures (36). 

Hengartner and Horvitz demonstrated that the ced-9 protein sequence was 23% 
identical to the mammalian protection gene, bcl-2 (37). Analysis of ced-9 genomic 
structure and transcripts suggested that ced-9 was an element of a complex genetic locus 
and shared a promoter with an upstream gene encoding for a mitochondrial cytochrome. 
They also demonstrated that bcl-2 could substitute for ced-9 to prevent programmed cell 
death. With this degree of conservation between the protection genes in worms and 
humans, the search for counterparts of the suicide genes, ced-3 and ced-4, was begun. 
A search of the GenBank, PIR, and SWISS-PROT databases revealed that the ced-3 
protein was similar to both human and murine interleukin-1 converting enzyme (ICE) (38). 
Interleukin-1 beta (IL-1{3) is a cytokine involved in mediating a wide range of biological 
responses including inflammation, septic shock, wound healing, hematopoiesis, and the 
growth of certain leukemias (39,40). ICE is a cysteine protease that cleaves the inactive 
31 kd precursor of IL-1{3, between Asp-116 and Ala-117, releasing a carboxy terminal153 
amino acid polypeptide, the mature IL-1{3 (41-44). The ced-3 protein was foun·d to share 
29% amino acid identity with the ICE from humans (38). 

Active human ICE is composed of two sub-units (p20 and p10) that appear to be 
proteolytically cleaved from a single pro-enzyme (44). Both the carboxy terminal portion 
of the ced-3 protein and the p10 sub-unit of ICE were found to be similar to the protein 
product of the murine gene nedd-2, which is highly expressed during embryonic brain 
development, but is down-regulated in adult brain (45). 

The similarities between ced-3 and ICE suggests that ced-3 might function as a 
cysteine protease, like ICE. However, it also suggests that ICE might function in 
programmed cell death in vertebrates (46) . Hogoquist et al. demonstrated that murine 
peritoneal macrophages, when stimulated with lipopolysaccharide and induced to undergo 
programmed cell death by exposure to extracellular A TP, release mature active IL-1{3 into 
the culture supernatant, however when cells were injured by scraping, IL-1{3 was released 
exclusively as an inactive pro-enzyme (47). This is not firm evidence that ICE is involved 
in programmed cell death. However, IL-1{3 may not be the only substrate acted upon by 
ICE and ICE transcripts have been detected in cells that do not make IL- 1{3 (43) : 

Stronger evidence was found when the ICE gene was transferred into rat cells in 
culture and showed that production of the ICE protein killed the cells (46). Mutant genes 
that coded for inactive enzymes did not kill the cells. This ICE-induced death could be 
blocked both by the known protective gene, bcl-2, and by ermA, a cow pox virus gene 
whose protein product inhibits ICE's protein splitting activity. Thus, overexpression of 
ICE induces programmed cell death in rat fibroblasts and this death can be suppressed by 
the cow pox virus ermA gene and by the bcl-2 proto-oncogene. 
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To test the possibility that ICE may be acting in vivo to cause cell death during 
development Gagliardini et al. performed experiments using cultured sensory neurons (36). 
The survival of sensory neurons during development depends on the presence of 
neurotrophic factors. When these neurotrophic factors are removed, the neurons are 
thought to undergo programmed cell death (48~50). A microinjected end-expression vector 
containing a ermA complimentary DNA (eDNA) under the control of the {3-actin gene 
promoter was used. The cow pox virus ermA gene is a specific inhibitor of ICE (51). 
Control neurons in the presence of nerve growth factor (NGF) exhibited approximately 
85% survival through day 6. However, upon removal of NGF more than 80% of the 
control neurons died within 3 days with fewer than 10% surviving to day 6. The cells 
injected with ermA, in contrast, exhibited a 60% survival through day 6 despite the 
absence of NGF. 

Since bcl-2 was found to prevent apoptosis in C. elegans, similar microinjection 
experiments were performed using bcl-2 instead of ermA in the neurons. About 60% of 
the bcl-2 injected neurons survived through day 6 in the absence of NGF, showing about 
equivalent ability, to ermA, to prevent the death of these neurons. To test whether bcl-2 
and ermA acted through separate pathways they injected both into the neurons. The 
survival rate of these doubly injected neurons in the absence of NGF was no greater than 
that of the neurons injected singly with either ermA or bcl-2 (about 60%). Thus, ermA 
and bcl-2 may act through the same pathway. 

Work done with C. elegans shows that ced-9 is necessary for survival only when 
ced-3 and ced-4, the suicide genes, are functional, suggesting that ced-9 ·works by 
preventing ced-3 and ced-4 activity (52). A similar relationship may exist between bcl-2 
and ICE in mammalian cells. If BCL-2 levels are high, the conditions to activate ICE do 
not exist (53). 

To further complicate matters, another mechanism of control was discovered when 
a search for proteins that might associate with BCL-2 was begun. BCL-2 had been found 
to associate with itself as a homodimer (54). However, another protein was found to 
associate with BCL-2. This protein was named BAX, for bcl-2 associated X. It was 
found that this protein exhibited homology with BCL-2 itself. It was found that Bax forms 
homodimers with itself but also forms heterodimers with BCL-2 in vivo. Overexpression 
of Bax was found to accelerate apoptosis as well as countering the death repressor activity 
of BCL-2 in both premitotic and postmitotic cells. This suggests that the BCL-2-Bax pair 
plays an important role in both positive and negative regulation of programmed cell death. 
The ratio of BCL-2 to Bax may determine whether the cell undergoes apoptosis. If the 
BCL-2 protein is in excess in the cell, it binds up all the Bax and the rest of the BCL-2 
molecules form homodimers allowing the cell to survive. However, if Bax predominates 
it binds up all the BCL-2 and forms Bax/Bax homodimers resulting in cell death. In 
support of this concept, it was found that BCL-2 levels are high in immature T 
lymphocytes but decrease quickly at that point in development when self-reactive cells are 
signaled to undergo apoptosis (55-57). 

Mice with a total lack of bcl-2 genes, often termed "knockouts", have been 
developed (58,59). The phenotype of these knockout mice is different from their normal 
litter mates being somewhat smaller with small external ears and immature facial features 
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which they keep throughout life. Hematopoietic differentiation including lymphocyte 
development is initially normal in these mice however after development a severe 
lymphopenia results while the absolute neutrophil count remains stable. This was shown 
to be secondary to a fulminant apoptosis of the thymus and spleen. Thymocytes from 
these animals demonstrated accelerated cell death following apoptotic stimuli. These mice 
also developed polycystic kidney disease with pathology resembling the human form of 
polycystic kidney disease. 

.. 
c: c 
~ 1 
• 
~~~00 r-

T cell Bcell 

100-
r ...=.. 

10 ....... _2 ........,_3__,_.....__..... 

Ago (weeks) 

SCIENCE • VOL. 261 • 17 SEI'TEMIIER 1993 

Another interesting characteristic of the bcl-2-/- (knockout) mice is that their hair 
coats tum gray during the second follicle cycle of hair growth. This graying occurred in 
mice with black coats and also Agouti coats. The graying was stable once it was 
completed (59). Key steps in melanin biosynthesis involve reactions converting tyrosine 
to L-DOPA and then DOPA-quinone, both catalyzed by tyrosinase. DOPA-quinone is an 
extremely reactive compound whose further cyclization and oxidative polymerization forms 
the insoluble heteropolymers of eumelanin. This has been shown to be regulated by the 
cellular redox potential (60). Over 150 mutations in more than 50 loci are known to affect 
hair pigmentation (61). Yohn et al. has shown that melanocytes have lower levels of 
superoxide dismutase and peroxide than fibroblasts or keratinocytes (62). Melanogenesis 
generates free radicals, and melanocytes therefore may be more vulnerable to free radical 
attack by melanin products. Changes in the metabolism of peroxides and free radicals can 
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impact both melanin synthesis and cellular survival (63,64). 
BCL-2 protein has been shown to integrate into the outer membrane of the 

mitochondria with the carboxy terminal end functioning as a signal-anchor and the NH2-

terminus facing the cytosol (65,66). BCL-2 is also localized to the endoplasmic reticulum 
and the perinuclear membrane (65-67). Mitochondria are believed to be a major site of 
reactive oxygen species production in vivo as a by-product of mitochondrial metabolism. 
Electron transport through the mitochondrial respiratory chain is extraordinarily efficient 
and normally accounts for the vast majority (approximately 98-99%) of oxygen 
consumption (68). The principal loss of electrons that convert oxygen to <>z·· involves 
coenzyme Q, ubiquinone, and its complexes (69). Loss of the superoxide radical, (h·· is 
potentially injurious to cellular constituents. Another site of electron transport is the 
endoplasmic reticulum in which the reduced form of NADPH cytochrome p450 reductase 
leaks electrons to Oz, reducing it to 02·• (70). An electron transport chain has also been 
shown in nuclear membranes although its function is undetermined. 

Mediators of apoptosis have been shown to increase oxidative stress in cells and 
also can be inhibited by the addition of certain anti-oxidants. Tumor necrosis factor alpha 
(TNFa) can serve as an example. Stimulation of the TNF receptor results in a rapid 
increase in intracellular levels of reactive oxygen species (or intermediates, ROS or ROI) 
(71,72). TNF induced apoptosis can be inhibited in various cells either by thioredoxin 
(73), an intracellular thiol reductant and free radical scavenger, or N-acetylcysteine 
(NAC), a thiol antioxidant and glutathione (GSH) precursor (74). A correlation has been 
shown between the sensitivity of cells to TNF and increased or decreased levels of 
superoxide dismutase (75). T-cells deficient in SOD have been shown to be more 
susceptible to killing by TNF, ionizing radiation, and hyperthermia (76). Therefore the 
balance between antioxidant defense and the extent of reactive oxygen species formation 
may determine whether the cell undergoes apoptosis or necrosis in response to TNF and 
other mediators of apoptosis. 
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Oxidative signals for apoptosis can originate both extracellularly and intracellularly 
as shown in the figure above. Mitochondrial oxidation, the microsomal cytochrome P450 
system, and plasma-membrane NADPH oxidases are all intracellular sources of ROI 
(77,78). Mitochondrial ROI are particularly important in apoptosis since cellular 
activation requires increased oxidative phosphorylation. Regulation of mitochondrial 
and/or cytosolic ROI levels in mammalian cells could be mediated in part by the bcl-2 
gene product (34). 

Recent studies with BCL-2 demonstrate that this molecule acts as a block between 
the generation of peroxide and lipid membrane peroxidation (79). Thus BCL-2 may be 
one of several proteins that regulate the redox state of the cell, thereby affecting the 
activity of several transcription factors including NF-kB, Fos/Jun, and helix-loop-helix 
members and others. These may mediate downstream effects resulting in cell death (80) 
(see figure above). 

Support for BCL-2 acting as a free radical scavenger is that overexpression of 
glutathione peroxidase, a known inhibitor of lipid peroxidation, also represses programmed 
cell death (79). Also, two of the pathological features of the knockout mice described 
above are potentially a consequence of altered redox homeostasis, polycystic kidney 
disease, and hypopigmentation. · 

Most of the chemical and physical changes capable of inducing apoptosis are also 
known to increase oxidative stress. Examples include both ionizing and ultraviolet 
radiation which are capable of inducing apoptosis and also are known to generate reactive 
oxygen intermediates (ROI) such as H202 and OR. Doxorubicin, cisplatin, and ether
linked lipids are anti-neoplastic agents which increase ROI formation and induce both 
apoptosis and oxidative damage in sensitive cells (81-84). Nitric oxide (NO) has a single 
unpaired electron and reacts with molecular 02 to form 02·• and H202, in addition to acting 
as a free radical itself (85). Recently NO has been implicated as an inducer of apoptosis 
in macrophages and monocytes (86). Decreasing anti-oxidant defenses in the cells also 
increases oxidative stress and induces apoptosis. For example, drugs such as buthionine 
sulfoxamine deplete intracellular stores of glutathione (GSH), thereby increasing 
susceptibility to oxidative stress and apoptosis (87). Extracellular catalase has been shown 
to decrease the sensitivity of a human T-cell line to H202-induced apoptosis (88). HIV 
infection is associated with a decrease in anti-oxidant defenses in the infected cells. These 
cells display low levels of SOD, catalase, thioredoxin, and GSH peroxidase. These 
changes make HIV infected T -cells extremely susceptible to oxidative stress induced 
apoptosis (89). 
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Efficient activation of NF-kB dependent genes by TNF requires that a cell be in an 
oxidized redox state, suggesting that stimuli .such as TNF and phorbol myristate acetate 
(PMA) may exert only a limited response if the cell is not in an appropriate redox 
equilibrium (90) (see figure above). Oxidant mediated DNA damage has been shown to 
lead to the activation of poly-ADP-ribose transferase and the accumulation of P53, both 
of which are associated with apoptosis (91,92). The polymerization of ADP-ribose to 
proteins leads to a rapid depletion of the cellular NAD/NADH pool. This results in 
collapse of ATP stores which leads to cell death. Reactive oxygen species readily interact 
with polyunsaturated fatty acids and cholesterol present in most cell membranes (77, 93). 
These oxidized lipids alone have been shown to induce apoptosis. 
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The identification of several genes or protein products that show sequence 
homology with the bcl-2 gene makes it apparent that this is a growing family of genes that 
are important in the control of cell death (94). The overall amino acid homology between 
BCL-2 and others in this gene family is low. There is a concentration in two regions 
shown in the figure above. These have been termed BHl and BH2 (27). It is important 
to note that there are other genes that do not show sequence homology to bcl-2 but can 
suppress apoptosis in at least some situations. These include adenovirus, El-v, activated 
T24-ras, B-ABL, and the baculovirus genes P35 and lAP. 
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In the normal state of repair of tissues, cell proliferation is balanced against cell 
death as shown in the figure above. We are all aware of the increase in cell proliferation 
such as through the activation of certain oncogenes leading to cancer shown on the left of 
this figure (95). However, recent evidence shows that a loss of the ability to induce cell 
death will also lead to cancer even though there is no known signal for increased cell 
proliferation shown in the right on the figure. · This is highlighted by the recent 
demonstration that the protein enCOded by the P53 tumor suppressor gene apparently 
inhibits cell growth by turning on the production of a protein that blocks the cell cycle 
(96). It may be that decreased cell death allows the buildup of damage to the nuclear 
genome, or expression of other oncogenes, until cancer develops. This balance between 
cell proliferation and cell death may be dependent on the balance between oxidant and 
antioxidant forces within the cells. Lennon et al. (97) showed that exposure to low doses 
(10-100 mmol) of H202 induces apoptosis in a variety of cell types, establishing oxidative 
stress as a direct mediator of apoptosis. High doses of H202 were found to induce necrosis 
implying that the severity of the oxidative insult determines the form of cell death which 
occurs, as suggested by Duvall and Wyllie (98,99). 

McDonnell, et al., looked at a transgenic mouse model that overexpressed bcl-2 
primarily in B cells, the bcl-2 gene was coupled with the immunoglobulin gene causing 
overexpression, resulting in a four-fold increase in the number of B cells found in the 
spleen of these animals (95). This accumulation was due to a lack of cell death rather than 
an increase in proliferation. This was shown by transferring these B cells from the 
transgenic mice to the normal litter mates or by placing them in cell culture, both of which 
demonstrated prolonged cell survival compared to normal B cells. As might be expected, 
the B cell hyperplasia of these transgenic mice was initially polyclonal however the cost 
of prolonged cell survival in these animals was the development of a large cell lymphoma 
which was monoclonal and aggressive and life threatening. Other mechanisms of 
homeostasis may also be disrupted if this balance is lost. 
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This balance carries implications for the normal aging process of the cell as well 
as the aging of the animal. There are now more than 300 theories of aging. Many of 
these are either out of date or very selective while others co-exist without contradiction 
since they explain different and independent forms of senescence. A discussion of all, or 
even most of these is beyond the scope of this Grand Rounds. A listing and classification 
of theories of aging along with its proponents is contained in the reference by Z.A. 
Medvedev (100). Many of these theories of aging, however, have been of two types: 1) 
those related to by-products of differentiation and development, which have been called 
"developmentally-linked biosenescent processes," (101-103) examples of which are growth 
hormone, which was discussed by Dr. Craig Rubin, and testosterone covered in Dr. Jean 
Wilson's Grand Rounds on male menopause, or 2) those related to by-products of energy 
metabolism which have been called "continuously-acting biosenescent processes" (101). 
I will limit the present discussion to the second of these and mostly deal with the "free
radical theory of aging," which has the most supportive evidence and correlates very 
nicely with the balance implied by the discussion of apoptosis above. 

Over the span of mammals, from smallest to largest, there is a correlation between 
body size and breath rate defined by the following equation: 

Breath time = .0000470(weight)0
•
28 

There is also a correlation between size and heart rate shown below: 
Heartbeat time = .0000119(weight)0

•
28 

If these equations are divided, then body size cancels out, and it can be seen that 
all mammals, regardless of their size, breath once for every four heartbeats. Lifespan also 
increases at the rate of 0.28 times as fast as body size going from small to large mammals. 
This means that the ratio of heartbeat time to lifespan is constant. Thus, there is a 
constant for heartbeats over the life span of all mammals. With a little variation, all 
mammals are allotted approximately 800 million heartbeats over their lifetime (104). 
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The exception to this rule is the human who is allotted over 4 times this number 
of heartbeats in his lifetime. This relationship is better correlated to the specific metabolic 
rate of the animal. As shown below, there is a correlation between the specific metabolic 
rate and the maximum lifespan potential for various groups of animals (89). 
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Thus, animals with a high metabolism do not live as long, chronologically as animals with 
a lower metabolism. This may be related to considerations of maintaining constant body 
temperature, which would be much easier for the large animal than the small animal. 
However, again, man is allowed almost twice as much energy expenditure in his lifetime 
as the closest mammalian relative. These findings led to the rate of living hypothesis of 
aging, that mammals may live different chronologie lifespans, but all live the same 
biologic lifespan (equal energy expenditure per unit of weight). Small animals live faster 
than large animals, and man gets to live more than any of them. 
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Another correlation among mammals is that cancer increases with about the fifth 
power of age (as a function of total lifespan) (105,106). The difference in metabolic rate 
could markedly affect the level of endogenous oxidants and other mutagens produced as 
a by-product of metabolism. The metabolic rate of the rat is about seven times higher than 
that of the human (89), and cancer rates are high in a two year old rat, but low in a two 
year old human. The level of DNA damage appears to be roughly related to metabolic 
rate in a number of animal species (101). Oxidative damage to DNA, proteins, and other 
macromolecules has been shown to accumulate with age. These oxidants are produced as 
a normal by-product of metabolism and are thought to be the major (and by some, the 
only) source of endogenous damage leading to aging (107) . The repair of oxidatively 
damaged DNA is accomplished by enzymes that excise the oxidized lesions. The excised 
areas are then excreted in the urine and assays have been developed to measure several of 
these damaged products in the urine of rodents and humans (108-110). 

Hart and Setlow measured the extent of unscheduled repair of damaged DNA in 
fibroblasts following exposure to ultraviolet light (104). The fibroblasts of long lived 
mammals were found to repair the UV damage to a greater extent than that of short lived 
mammals. The relationship between the life span of the species and the 3H thiamine 
corporation into DNA of their fibroblasts is shown in the following graph. Thus, it 
appears that the longer lived species may be more efficient in their ability to repair DNA. 
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These repair enzymes are efficient and remove most, but not all of the oxidative 
lesions that form (111), therefore resulting in an accumulation of DNA oxidative "hits" 
with age. It has been estimated that the number of these DNA oxidative hits that occur 
per cell per day is about 100,000 in the rat and about 10,000 in the human, so that by the 
time a rat is 2 years old it has about 2,000,000 DNA lesions per cell, about twice that 
found in a young rat (112). The contribution of these oxidative lesions in DNA to 

somatic mutation frequency is unknown. However, somatic mutations are known to 
increase with age as well, the frequency in human lymphocytes being about 9 times greater 
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in elderly people than in neonates (113). The fact that specific repair glycosolases for 
DNA exist implies that these enzymes are important in the pathogenesis of cancer and 
aging. Oxidative damage to guanine residues in DNA leads to 8-oxo-2'-deoxyguanosine. 
If the glycosolase activity for this enzyme is lost an appreciable increase in spontaneous 
mutation rate occurs (114), suggesting this oxidative lesion has a mutagenic potential. The 
balance between oxidative damage to DNA and specific glycolate repair is likely to be 
important for other lesions as well. 

Sources for oxidation products include both endogenous and exogenous sources. 
By far the largest endogenous source of reactive oxygen intermediates is as a consequence 
of normal aerobic respiration. Oxygen serves as the terminal electron receptor for 
oxidative phosphorylation being reduced in the mitochondria by sequential steps to produce 
water. 

e- e- e- e-

This, however, leads to inevitable byproducts of a variety of reactive oxygen 
intermediates which have either unpaired electrons (i.e. 02··, ·OH) or the ability to steal 
electrons from other molecules (i.e. H202, HOCl). These ROI rapidly react with cellular 
macromolecules resulting in either direct damage or the initiation of a chain reaction 
wherein the free radical is passed from one macromolecule to another. This •atter chain 
reaction results in extensive damage to cellular structures particularly membrane structures 
including the cell membrane itself. Chance et al. have investigated this endogenous source 
of oxidation products in rat cells. They found about 1012 02 molecules are processed by 
each rat cell per day. Leakage of partially reduced oxygen molecules was found to be 
approximately 2% which corresponded to about 2 x 1010 02·• and H202 molecules per cell 
per day (115). 

The hydroxyl radical (OH) is an extremely reactive oxygen species, and behaves 
with near diffusion limited rates of reactivity towards multiple types of biomolecules 
including DNA, a variety of proteins, as well as lipids (116). Due to its high reactivity 
under normal conditions that would occur in vivo and under most in vitro circumstances 
in intact cells, this molecule is probably able to diffuse at most 15-20 angstroms before it 
comes in contact with a biomolecule that it is able to oxidize (116). This has led to the 
theory of site-specific hydroxyl radical mediated injury, so that for a biomolecule to be 
damaged by this particular species, the origin of hydroxyl radical formation has to be in 
very close proximity to that molecule. 

Hydroxide serves as a reducing source of Fe3+ to generate Fe2+ which then reacts 
with hydrogen peroxide to generate hydroxyl radical, called the Fenton cycle (see above). 
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The trouble with the hydroxyl ion is that the general reaction by itself although 
thermodynamically possible would occur so slowly under physiologic circumstances that 
it is unlikely to play any particular role in biology. Thus, the need for a catalyst and 
given the availability of iron in biological systems, emphasis has been placed on this 
reaction. From the standpoint of this reaction there are essentially two ways to interrupt 
it enzymatically. One is to use superoxide dismutase which would remove superoxide 
from the system essentially removing the reducing equivalents that keep the reaction going 
and the other is to use a scavenger of hydrogen peroxide, most commonly catalase (117). 

Another source of endogenous oxidants is through another by-product of a 
necessary function. Phagocytic cells are extremely efficient at destroying bacteria or 
virally infected cells with an oxidative burst of nitric oxide (NO), ~- , H20 2, and OCl·
(85, 118). These powerful oxidants help to protect us from an immediate death from 
infection but cause an increased oxidative load and damage to DNA contributing to 
mutation and carcinogenesis (119, 120). Chronic infection, whether by viruses, bacteria 
or parasites leads to a chronic inflammatory process and a long-term increase in oxidant 
load (121-127). 

Hydrogen peroxide is also a by-product of the degradation of fatty acids, most of 
which occurs in organelles called peroxisomes. There is evidence that some of this H202 

escapes degradation by catalase and makes its way into other compartments of the cell 
resulting in increased oxidative damage particularly to DNA (128). 

Another endogenous source of oxidants could come from the cytochrome P450 
enzyme system. In animals, these enzymes are one of the primary defense systems against 
toxic chemicals from plants eaten as part of the diet. Generation of oxidants through redox 
cycling may occur from natural phenolic compounds such as chlorogenic and caffeic acid 
which are a part of the normal diet. Again, there is a tradeoff between prevention of acute 
toxic effects from foreign chemicals and the production of oxidant by-products that damage 
DNA (129). 

Exogenous sources of free radicals may significantly add to the endogenous oxidant 
load described above. Smoking is a major oxidant stress particularly from various oxides 
of nitrogen present at about 1000 ppm. These cause oxidation of proteins and lipids 
(130-133) and deplete antioxidant levels (134-136) in addition to being a major source of 
non-oxidative mutagens. Smoking is thought to contribute to approximately 113 of all 
cancers in the United States. It is also is a major risk factor for heart disease and is 
thought to contribute to approximately 114 of all heart disease in this country resulting in 
approximately 400,000 premature deaths per year in the United States. It is estimated that 
tobacco will cause approximately 3,000,000 deaths per year worldwide during this decade 
and at the present rates of smoking to cause 10,000,000 deaths per year a few decades 
from now (137). The low antioxidant levels found in smokers and the increased oxidative 
stress caused by smoking is likely involved in the pathology of smoking related illnesses 
including both cancer and heart disease. 

There is recent concern about the long time practice of adding iron to various foods 
particularly flour and bread since iron (and copper) salts promote the generation of 
oxidizing radicals from peroxides through the fenton reaction. Patients with 
hemochromatosis absorb greater than normal amounts of dietary iron due to a genetic 
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defect and have been shown to be at increased risk for both cancer and heart disease (138). 
Too much dietary copper or iron may be a risk factor for cardiovascular disease and 
cancer in normal individuals as well (138-141). 

Chronic infections may contribute to up to 113 of the world's cancer. 
Schistosomiasis and liver flukes are associated with increased risk of cancer in the organs 
in which they invade (142-145). More applicable to this country is hepatitis B and C 
viruses (146-148) and Helicobacter pylori bacteria (149-151) which are significant risk 
factors for cancer of the liver and stomach respectively. Chronic inflammation from non
infectious sources such as asbestos fibers may contribute to the reason this fiber represents 
such a significant factor for cancer of the lung (123,124). 

Since mitochondria lack specific repair enzymes, protective histones, and are in 
close proximity to oxidants generated during oxidative phosphorylation, the accumulation 
of oxidative damage to mitochondrial DNA occurs at about 10 times the rate of nuclear 
DNA from the same tissue (152). It has been suggested that mtDNA mutations are 
involved in aging and carcinogenesis (153,154). The only defense against this high rate 
of damage is a constant turnover of mitochondria to remove those which are damaged or 
perhaps have increased leakage of oxidation products, although recent evidence suggests 
that mitochondria share DNA and act as an integrated cellular system (155). However, 
despite this mitochondrial replacement, oxidative lesions in the mitochondrial genome 
accumulate with age at a higher rate than nuclear DNA as shown in the figure below. 
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8-oxo-2'-deoxyguanosine (oxo8dG) was analyzed in both nuclear and mitochondrial 
DNA from the livers of young and old rats. The graph on the left indicates that oxidative 
DNA damage increases with age in mitochondrial DNA almost 2 orders of magnitude 
greater than the nuclear DNA accumulation shown on the right graph (112). 

Since the mitochondrial genome (mtDNA) is relatively small in comparison to the 
nuclear genome, several workers have studied the structural changes. One important 
finding was that large segments of the human mitochondrial genome are deleted as the 
body ages. Sugiyama et al. (156), found a 7,436-bp DNA segment is deleted from the 
mitochondrial DNA during the aging process. At age 80, 3% of mtDNA had this 
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deletion, whereas at age 90, 9% had this deletion. This segment of mtDNA encodes for 
certain sub-units of complexes of the respiratory chain implying that a loss of this segment 
would impair energy production by mitochon,dria. 

Yen et al. (157) discovered another deletion of 4,977-bp segment of DNA from the 
mitochondrial genome in the liver of older persons. They found that the percentage of 
mitochondrial with this deletion increases with increasing age. 

Nuclear and mitochondrial DNA are not the only targets for oxidation by free 
radicals. Stadtman and associates (158-160) have found at least 10 enzymes with 
important roles in cellular metabolism to be susceptible to oxidation which directly results 
in proteolytic degradation. The activity of the proteolytic enzymes that hydrolyze these 
oxidized proteins was found to be insufficient to prevent an age associated increase in 
oxidized proteins. Many of these proteins retain their antigenic reactivity but lose their 
enzymatic activity. Studies done in patients with Warner syndrome and progeria, diseases 
associated with premature aging, reveal that oxidized proteins increase at a much higher 
rate than is normal (158). Lipofuscin and fluorescent pigments representing cross links 
between protein and lipid peroxidation products were also found to increase with age 
(161,162). 

To balance out the oxidant load from both endogenous respiration and exogenous 
sources there are several types of anti-oxidant defenses. Some of these defenses are 
produced within the cell while others are taken in as part of the diet. Some are confined 
to compartments within the cell or particular structures within the cell. 

Superoxide dismutase (SOD) uses a free radical as a substrate and catalyzes the 
reduction of 02·- to H202• 

There are at least three known forms of SOD. An iron containing form is found 
only in lower life forms. Copper-zinc-SOD is found in the cytosol of most cells, and a 
manganese-containing variety is found in mitochondria (163). Mitochondrial SOD can be 
upregulated by stimulants which increase free radical generation such as paraquat (164), 
uncouplers of mitochondrial respiration (165), and hyperbaric oxygen (166). Superoxide 
dismutase activity per specific metabolic rate can be correlated to the maximum lifespan 
potential of various animals as shown below. This activity as a protectant against free 
radical production is conserved over a large range of animals. 
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Even though SOD reduces superoxide to H202, safety has not been achieved. H202 

is more stable, however it can react with ~·- and transition metals to form the hydroxyl 
('OH) radical, the most reactive of the oxygen species (167). H202 is also the product of 
a variety of cellular reactions such as amino acid oxidation and normal respiration. Most 
cells contain several types of enzymes to remove H202, the most important of which is 
catalase which dismutates H202 to H20 and 02 • H202 is able to diffuse within the cell to 
damage cellular components that are a considerable distance from the site of the generation 
of H202 • Peroxisomes appear to contain most of the catalase activity found in cells 
(168, 169). Perhaps because of the diffusibility of H202 there is apparently no catalase 
activity in mitochondria (170, 171) despite the fact that a significant portion of cellular H202 

is produced within the mitochondria as a by-product of normal respiration. Sohal and 
associates at SMU here in Dallas have shown that catalase inhibition exerts no effect on 
the longevity of Drosophila except at near absent levels (172). A recent experiment 
involving overexpression of both SOD and catalase however caused a significant increase 
in longevity of these fruit flies (173). In humans, a genetic disorder that results in 
extremely low catalase activity produces few if any harmful effects (174). Likewise, 
inhibition of catalase in cell culture does not appear to exert harmful effects (175). Under 
conditions of increased oxidative stress, such as hyperbaric oxygen or exogenously added 
H202, cells in culture and insects exhibit more deleterious effects suggesting that catalase 
is important under these conditions (175,176). 

Glutathione is a tripeptide consisting of glycine, cysteine, and glutamic acid. It is 
a ubiquitous anti-oxidant found in all cells (177). It also acts as a co-factor for many of 
the enzymatic reactions that eliminate free radical by-products (178-180). Glutathione may 
represent the most important intracellular anti-oxidant since its concentration often exceeds 
1 mmol/liter in several tissues (176). The intracellular ratio of oxidizing to reducing 
equivalents, (the redox state) is strongly influenced by the concentration of glutathione 
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(167). Glutathione is believed to absorb reactive oxygen radicals by reacting directly with 
them using the sulfhydryl group of the cysteine (181,182). 

where GSSG is the oxidized form of glutathione. The fate of GSSG is to be excreted from 
the cell or reduced back to GSH (183), however, it may also interact with other cellular 
constituents. For example, the activity of the pentose phosphate shunt is modulated by 
GSSG which increases the activity of glucose- 6- phosphate dehydrogenase (184). GSSG 
can also react with sulfhydryl containing enzymes to inactivate them. High concentrations 
of GSSG are toxic and have been shown to induce mitochondrial swelling, denature 
hemoglobin, and disrupt erythrocytes (178). Proteins which require the presence of 
disulfide bonds, such as insulin, can be inactivated by high concentrations of glutathione. 
A balance between glutathione and its oxidized form appears to be necessary for the health 
of the cell (185). 

Several factors are known to disrupt this balance between GSSG and GSH. 
Exposure of cells to 100% oxygen for several hours completely depletes GSH (177). A 
smaller oxidative stress can stimulate GSH synthesis, which seems to be the primary 
response of human fibroblast to oxidative stress (186). Metabolic rate and mild oxidative 
stress have both been shown to modulate GSH concentration (187, 188). Glutathione may 
play an important role in ion balance in the cell. Glutathione depletion either by oxidants 
or free radical generators causes mitochondrial release of calcium ion (189). This 
alteration of redox state and ion balance may result in an alteration in gene expression 
contributing to an increase in entropy and decrease in function and aging, possibly through 
changes in the cell's state of differentiation. 
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There are a couple of enzymes important in glutathione balance. One is glutathione 
reductase which reduces GSSG to GSH using NADPH as an electron donor. While GSH 
reductase does not have a direct anti-oxidant function, as with SOD and catalase, it does 
play a major role in the proper maintenance .of the redox state of the cell (167). It may 
also indirectly control the pentose phosphate shunt through manipulation of GSSG levels 
(184). 

Glutathione peroxidase works much like catalase except while catalase uses H202 

as an electron donor GSH peroxidase uses only glutathione as an electron donor. GSH 
peroxide can reduce H202 and a variety of organic peroxides (190). GSH peroxidase 
requires selenium and may be upregulated by the addition of selenium to the diet (89). 
Selenium deficiency may accelerate many of the toxic effects associated with free radical 
damage. Cell culture studies have demonstrated that the addition of selenium permits the 
maximal expression of GSH peroxidase activity as well as an increased resistance to 
oxidation by organic peroxide addition (191). 

Other defenses against oxidant damage include glutathione-S-transferases which 
inactivate reactive electrophilic mutagens, including the aldehyde products of lipid 
peroxidation. Peroxisomes can sequester peroxide producing enzymes to inhibit damage 
to other structures. Free iron is chelated by transferrin and ferritin and copper is taken 
up by ceruloplasmin both of which keep these metal ions from participating in fenton 
reactions (192). Ceruloplasm is a copper containing protein capable of oxidizing iron and 
has been found to effectively inhibit the iron catalyzed peroxidation of lipids (193). Urate 
may be a very important anti-oxidant in humans. It acts as a powerful anti-oxidant and 
scavenges singlet oxygen and other free-radicals (194). Bilirubin may also act as a non
enzymatic anti-oxidant (189). Ubiquinone, co-enzyme10 (CoQ10), is a small molecule 
necessary for transporting electrons in the rate limiting step of oxidative phosphorylation 
in mitochondria. Its reduced form, ubiquinol, can serve as an effective anti-oxidant in 
membranes ( 188 ,195-197). Several histidine derivatives such as carnosine, homocarnosine, 
and anserine exhibit potent anti-oxidant activity and are present in high concentrations in 
brain and muscle (197). 

Exogenous anti-oxidants through dietary intake adds to the protection provided by 
these endogenous enzymatic anti-oxidant defenses. Fruits and vegetables are the main 
source of anti-oxidants in the diet and have been correlated with a lower risk of 
degenerative diseases and cancer (198). There is also mounting evidence in the literature 
that exogenous anti-oxidants are important in the prevention of cardiovascular disease and 
stroke (176,183). Low dietary intake of fruits and vegetables has been associated with an 
increased cancer rate for most types of cancer when compared with groups with high 
intake. · This is demonstrated in the following graph in which the 19 year incidence of 
bronchogenic carcinoma in 2,100 men aged 40-55 years is shown as a function of the 
duration of cigarette smoking in years and the dietary intake of beta carotene through fruits 
and vegetables (not supplements) (199). 
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The non-smokers in the lowest quartile of carotene intake exhibited the same 
incidence of bronchogenic carcinoma as heavy smokers in the highest quartile of carotene 
intake. Block and colleagues have recently reviewed 172 studies in the epidemiologic 
literature that correlate inadequate consumption of fruits and vegetables to cancer incidence 
as shown in the table below. These studies show great consistency and good relative risk 
(198). Please refer to Dr. Gordon Luk's grand rounds on aspirin and colon cancer for a 
discussion of epidemiologic studies. 

EPIDEMIOLOGIC STUDIES WITH 
FRUIT AND VEGETABLES 

Cancer site Studies Relative 

Epithelial with erotection Risk 

- Lung 24125 2.2 

-Oral 919 2.0 

-Larynx 414 2.3 

- Esophagus 15/16 2.0 

-Stomach 17/19 2.5 

-Pancreas 9/11 2.8 

-Cervix 7/8 2.0 

-Bladder 3/5 2.1 

- Colorectal 20/35 1.9 

- Miscellaneous 618 

Hormone-dependent 
-Breast 8/14 1.3 

- Ovary/endometrium 3/4 1.8 

-Prostate 4/14 1.3 

Total 129/172 

19 

Nutr. Cancer 
18, 1982 
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Only 9% of Americans eat five servings of fruits and vegetables per day as 
recommended by the National Cancer Institute and the National Research Council 
(198,200). It is difficult to disentangle the effect of dietary intake of particular anti
oxidants such as ascorbate, alpha-tocopherol, and carotenoids from other vitamins or anti
oxidants found in fruits and vegetables. Dietary anti-oxidant vitamins, such as vitamin C, 
vitamin E, and carotenoids have shown particular promise as anticarcinogens and as 
defenses against degenerative diseases (201-204). Tocopherol appears to play a 
particularly important role in free radical protection because its hydrophobic structure 
permits incorporation into biologic membranes and is particularly prevalent in the 
membranes of endoplasmic reticula and mitochondria (119). Vitamin C plays an important 
role in the elimination of singlet oxygen and can regenerate oxidized vitamin E (115,201). 
Beta carotene, like most carotenoids, can be metabolized to vitamin A but has intrinsic 
anti-oxidant activity, particularly against singlet oxygen (205-208). 
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Several theoretical models of aging predict that normal human aging would result 
in a steady decline in functional capacity of essentially every physiological and mental 
process, beginning shortly after the age of sexual maturation. The change in organ 
function with age is shown in the figure below for the lung and kidney (209-212). 
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The slope of the decrease in organ capacity with age could be interpreted to reflect an 
average or overall aging rate for the body. It is well known that with increasing age there 
is also an increased incidence of disease which ultimately results in the death of the 
individual. The following table lists the ten leading causes of death in the United States 
for 1990 (213). 

TEN LEADING CAUSES OF 
DEATH IN THE U.S.(1990) 

i1 HEART DISEASE 

i1 MALIGNANT NEOPLASMS 

i1CEREBROVASCULAR DISEASES 

i1ACCIDENTS 

i1CHRONIC OBSTRUCTIVE PULMONARY DISEASE 

i1PNEUMONIA AND INFLUENZA 

i1DIABETES MELLITUS 
i1SUICIDE 

i1HUMAN IMMUNODEFICIENCY VIRUS 

i1HOMICIDE 
Vital Statistics of the United States 
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Chronic illness accounts for more than 70% of all deaths and for an even higher 
percentage of cases of total disability. Arteriosclerosis which would include both coronary 
artery disease and stroke, cancer, chronic obstructive pulmonary disease, adult onset 
diabetes, and cirrhosis represent an overwhelming majority of our health problems. Most 
of these conditions exhibit an increased incidence with increasing age and can broadly be 
considered as problems of accelerated loss of organ reserve. These diseases develop 
slowly and asymptomatically until some clinical threshold is reached causing morbidity 
with progression and often culminating in death or disability. 

This state is in complete contrast to mortality patterns that dominated at the tum 
of the century. Most deaths were from infectious disease processes such as tuberculosis, 
acute rheumatic fever, small pox, diphtheria, tetanus, polio myelitis, and pneumococcal 
pneumonia particularly in the young. Many factors contributed to the decrease in 
infectious diseases including less crowded living arrangements, improved nutrition, water 
sterilization, immunization and specific antibiotics. It is important to recognize that 
chronic diseases have replaced acute illness as a major cause of death and morbidity. Our 
extensive progress in medical care can be viewed as an exchange of acute medical 
problems for chronic medical problems. A patient surviving acute illness early in life will 
have more lingering problems later. Early death from the acute illness would cost 
relatively little in direct medical care dollars as compared with the expenses of a later, 
chronic problem. The exchange of acute illness for chronic illness has resulted in a 
massive need for additional medical services and has undoubtedly contributed to the 
increase in health care costs which now represent around 12% of the gross national 
product of this country. With increasing age every _ person is found to decline uniformly 
in essentially all body functions with increasing chronological age. Individuals living 
beyond 100 years do so because they age more uniformly rather than aging more slowly. 
Individuals dying before this time might be thought of as having a weak link in their body 
functions such as from heart disease or diabetes. 
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The shape of the human survival curve shown in the figure above provides several 
insights into human aging. For most of our time on this planet, human life expectancy is 
generally believed to have been around 20-30 years. In primitive cultures where life 
expectancy was this low, few people lived long enough to appreciably suffer from the 
processes of senescence or aging. Death was almost entirely due to environmental hazards 
and infectious diseases are usually considered to be a random factor in the mortality 
curves. Removal of these random factors over the past 400 years or so in developed 
nations has produced a dramatic increase in life expectancy of around 40-50 years. 
Sequential survival curves throughout this century show "progressive rectangularization" 
as elimination of these premature or random deaths results in an uncovering of a non
random factor which is thought to consist essentially of the aging process. Although 
people have life expectancies in the 70-80 year range they are not living younger for 
longer periods of time but are instead actually living older for longer periods of time 
(108). This condition largely reflects the fact that increased life expectancy occurred 
within the framework of an unchanging aging rate. The fact that the tail of the survival 
curve demonstrates the decline expected from a normal distribution rather than an 
additional peak of a few persons with notably long life spans implies that there is a fixed 
length to human life. In addition, despite this large increase in average life expectancy 
there has been no concomitant change in the number of persons living beyond 100 years 
of age (214). If relative immortality were possible, one would expect to find some persons 
genetically favored and fortunate enough to avoid disease and therefore live much longer 
than actually predicted. Data kept over the last 150 years fails to confirm the existence 
of such events (214). 

Like so many other things that roll downhill, the signing of death certificates is 
usually done by the interns so they will know the truth of this statement: No one dies of 
old age anymore. It is simply not permitted as a diagnosis on the death certificate no 
matter how old the individual. Instead, the failing organ system is what keeps the death 
certificate from returning to the signer for correction. The continual decline of organ 
system function is one of the hallmarks of aging. A decline of one organ system out of 
proportion to the decline of other organ systems is often times the result of lifestyle 
choices such as tobacco or alcohol abuse or perhaps a distaste for broccoli. The longevity 
of individuals is the result of the uniformity of the loss of various organ functions some 
of which may be genetic. The following table demonstrates the dictum to choose your 
parents wisely. 
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(I) Survivorship of offspring when father lived > 90 years 

Mother's age at death 
Sex of 
offspring < 60 61- 80 > 81 

Male 67.6 71.4 73.2 
Female 73.8 74.1 77.2 
Combined 70.9 72.8 75 .1 

(2) Survivorship of offspring when mother lived >90 years 

Father's age at death 
Sex of 
offspring <60 61-80 > 81 

Male 67.0 69.3 70.9 
Female 73 .0 73.5 73.3 
Combined 69.8 71.4 72.1 

Longevity of the individuals is correlated with the longevity of the parents. This 
correlation is stronger for the mother than for the father. This finding supports the notion 
that aging may be a disease inherited from your mother. Dr. Dennis Stone recently 
reviewed diseases inherited through abnormalities in the mitochondria. The same thing 
may be occurring in normal aging either through abnormalities in the mitochondria or 
antioxidant defenses for the mitochondria (see earlier discussion). 
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Taking antioxidants has been shown to extend the average lifespan of animals, but 
only food (or protein) restriction has been shown to extend the maximum lifespan potential 
of a species (215) (see figure above A = ad libitum; R = restricted). 
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The extension is probably a protective mechanism for the species, to postpone 
reproduction during periods of famine (112). The explanation of how the added life is 
gained is not known. The metabolic rate of the animal does not decrease, except for a 
short time after initiation of the restriction, so it really is added time. 
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One observation may provide a possible mechanism for this life extension. These 
mice develop a sensitivity to insulin and have a lower plasma glucose than their well-fed 
counterparts (216) (see figure above). This lower glucose may decrease the glycation of 
proteins, lowering glycoxidation products, thereby maintaining their entropy at a lower 
state, and living longer. If this were the case, then we might expect diabetes to age faster. 
Certainly, this is the case for some of the "aging" diseases such as arteriosclerosis, and 
certain organ dysfunction (217). 

Increased glucose concentrations, such as seen in diabetes results in the glycation 
of proteins. We use this clinically as a measure of control with the hemoglobin Ale. 
Glucose is an aldehyde and like other aldehydes, such as formaldehyde and glutaraldehyde, 
it reacts with proteins, especially lysine residues and alpha-amino groups. The reaction 
forms a Schiff base and undergoes what is called Amadori rearrangement to form a stable 
ketoamine adduct to the protein. But the reason that we can manage to circulate this 
compound in our blood at 5 mmol concentration is because 99.998% of it exists in a cyclic 
hemiacetone confirmation. This reaction is linear with time and linear with glucose 
concentration. It is stable with a half-life of about 4 months (218), which is why we can 
use it as a measure of long-term control. 

If you take sugar and apply heat, it will brown. This is the mechanism to make 
caramel as seen on flan in most Mexican restaurants (personal experience). This reaction 
is called the Maillard reaction and involves oxidation (217-220). This same reaction 
occurs in the body although considerably slower than on your stove, but then the 
incubation period is much longer (a lifetime). 
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The oxidation of glycation products has been called glycoxidation (217). 
Oxidation, like resting or burning, is irreversible, while glycation is reversible. The 
products from glycoxidation have been termed AGE (for advanced glycosylation end 
products) (217-220) . While glycation products do not increase with age, AGE products 
such as carboxymethyllysine and pentosidine do increase with age and increase at a greater 
rate in diabetes (217) . This increased AGE accumulation can be blocked experimentally 
by antioxidants and the complications of diabetes prevented in experimental animals 
(217-220). Again defense against oxidant load may prevent increased aging from 
hyperglycemia. 

SUMMARY 

There is conservation of the aging phenomena and the underlying causes of aging 
across a wide range of species. This suggests that the difference in lifespan across species 
is the result of a quantitative difference in metabolism and the protection against oxidative 
by-products of metabolism. The balance between oxidant load and antioxidant defense 
may serve in the development of the organism, with apoptosis, and in the aging of the 
organism. Imbalance in either direction, as with bcl-2, may be detrimental to the health 
of the cell or the organism. Here's to a balanced life. 
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