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The cause of Alzheimer's disease, an age-related progressive degenerative brain diserder, is presently 

unknown and no cure has yet been found. PaihofOgical features of the disease are quite uniform and indicate 

that a common mechanism m y  be responsible for the neurodegeneration. This mechanism may involve 

increased free radical attack and damage of the brain in Alzheimer's paients. Superoxide dismutase is one 

of the main antioxidant enzymes in the body. 

Twentyeight individuals diagnosed as having probable Alzheimer's disease (mean age = 74.41 _+ 7.84 

years) and thirry-one age -whed  neurologically healthy subjects (mean age = 72.07 + 8.37 years) took part 

in this study. 

Blood specimens were collected from each subject, a chloroform/ethanol purification (McCord and 

Fridovich, 1969) was performed to exuact the CtlZnSOD enzyme, and a CuZnSOD assay was carried out 

&'Abbe and Fischer, 1986). To obtain greater accuracy in determiniug the aue value for the activity, 

multiple points were gathered during the assay for each individual in order to define the line for 11% 

inhibition versus I/volume CuZnSOD extract. Total protein surviving the chloroform/ethanol extraction 

p'&e was measured by Imh the Lowry method and the Bradford method. Hemoglobin levels in whole 

blood were also determined. In addition, a temperature study was conducted employing the Arrhenius 

eqwion to elucidate a measure of the activation energy of CuZnSOD. 

Compared to erythrocytes from the comol subjects, the Alzheimer's patients exhibited the following 

characteristics: 

(1) Significantly higher (approximately double) CuZnSOD enzymatic activity (10 798 units SOD 

activityfmL packed RBCs for the Alzheimer's patients compared to 4 881 units SOD activityhd packed 

RBCs in controis; p4.05j. 

(2) Much iower amormt of total protein surviving the harsh chiorofom/ethanoI extraction as 

dekTnnin~d by the Lowry method (1.23 k0.47 ug/inL for the Alzheimer's patients compared to 5.34 + 2.49 



u m L  for the conuols; p4.05). The Bradford merhod gave similar resul~.  

(3) SDS-gel el;=ctropWis re~ealeb the presence of very few proteins in the extracts of both subject 

classes; these were tentatively identified as glutathione reductase, caialase, CuZnSOD, hemoglobin, and 

calmodulin- 

(4) No sidcant difference was found between hemoglobin values in the two subject groups. Also, 

CuZnSOD activity showed no comelation with hemoglobin levels. 

(5) The relative energy of activation tended to be higher in the Aizheimer's patients extracts 

compared to h e  control subjects (@.I). 

The following conclusirms may be &awn regarding erytttrqtes from Alzheimer's patients compared 

to control subjects: 

( I )  Alzheimer's patients have enhanced CuZnSOD synthesis and/or decreased degradation rate of 

CuZnSOD. 

(2) The proteins in the red blood cells of Alzheimer's patients are weaker and more damaged. This 

increased fragility of proteins may be due to enhanced oxidative stress and protein cross-linking occurring 

in Alzheimer's patients red blood c e k  

(3) The CuZnSOD enzyme is more inhibited (by post-translational modifications) as its catalytic 

efficiency is diminished. 

The enhanced CuZnSOD activity (due to increased synthesis andlor decreased degradation rate of 

the enzyme), but reduced cataIytic eff~ciency of the enzyme may be a consequence of a compensatory 

mechanism designed to regulate CuZnSOD activity. 

Evidence exists suggesring that too low or too high levels of CuZaSOD may be detrimental to an 

organism. There appears to be an optimal level for SOD in tissues. Deviations from this level in either 

direction are deleterious to the individual. If the level of CuZnSOD is too high, as it seems to be in the 

blood of Alzheimer's patients, it could lead to elevated hydrogen peroxide production. If mechanisms which 

remove hydrogen peroxide are not similarly increased, hydrogen peroxide may build up. The hydrogen 



perox~de moiecilles could cross the blood-brain barrier. Excess hydrogen peroxide could lead to the 

generadm of hydroxyl radicals through Haber-Weiss Faton reactions. Since hydroxyl radicals are very 

reactive anb non-specific tn their action, hey mdd damage brain regiors. If the assault by reactive oxygen 

metabolites is severe enough then neurons may die. Since brain cells are post-mitotic cells. this could be 

potentially hamfill, depending on the degree of neurond cell toss. 
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LITERATURE REVIEW 

Introduction 

"The human brain is the most complex structure in the known universe. 
The extraordinary properties of this three or so pounds of soft tissue 
have made it possible for Homo sapiens to dominate the earth, change 
the course of evolution through genetic engineering, walk on the moon, 
and create art and music of surpassing beauty. Furthermore, the limits 
of the human mind are unknown." - Richard F. Thompson 

One of the crucial arising health problems in societies with a high life expectancy is the 

increase in age-related neurological diseases. Dementia is a syndrome in adults characterized by 

a gradual deterioration of intelligence and cognitive ability, often with associated behavioral 

changes in areas such as self-care. It is present in the elderly whenever the following diagnostic 

symptoms appear (LaRue et al., 1985): (1)  memory impairment; (2) Impairment in abstract 

thinking, judgement, or higher cortical functions, or personality change; (3) Loss of intellectual 

ability severe enough to interfere with social or occupational functioning; (4) Clear state of 

consciousness (no delirium or intoxication); (5) Documented or presumed evidence of an 

organic cause. 

Alzheimer's disease is the commonest form of dementia in the elderly (Selkoe et al., 

19871, accounting for approximately 60% of dementias among people over sixty-five years old 

(Zarit and Zarit, 1983), and it is the most frequent diagnosis for those entering a hospital with 

dementia Wells, 1977). Recent epidemiological data suggest that it affects 5-1096 of individuals 

over 65 years of age and perhaps as many as 30% of those persons over the age of 85 (Evans 

et ale, 1989)- Furthennore, it has been estimated t5at AD is the fourth leading cause of death for 



adults in the Utlited States, after heart disease, cancer, and stroke (Katzrnan, 1986). Given the 

fact that the population of developed countries is gradually aging as more and more individuals 

survive to older ages (persons aged 85 years old and over are currently the fastest growing 

segment of the North American population), it is becoming increasingly apparent that the impact 

of AD on public health policy will become even greater in the future as the disease becomes 

more prevalent (Boerrigter, 1992). 

Pathologid Changes in Alzheimer's Disease Patients 

Alzheimer's disease is a complex, progressive, degenerative brain disorder, which shows 

no social or economic boundaries, and affects men and women almost equally (Rybash et al., 

1985). Most victims are over 65 years old; however, the disease can strike in the forties and 

fifties (Rybash et al., 1985). The unmistakable pattern of slow onset, gradual irreversible losses, 

and associated changes in brain structure and processes such as neurofibrillary tangles, senile 

plaques, and neurotransmitter defects (for example, underproduction of acetylcholine) are among 

its defining characteristics (Cohen, 1988). In addition, amyloid infiltration of cerebrovascular 

walls is often found in the brains of AD patients (Price, 1986; Kosik, 1991). These lesions are 

spread throughout the brain, but a x  most concentrated in the neocortex and hippocampus, and 

their clinical significance has been highlighted by quantitative studies showing a significant 

cmdation ktween the numbers of nemfibri1ku-y tangles and senile plaques and the severity of 

dementia (Riesberg, 1981; Cote, 1981; Scheibel and Wechsler, 1986). It is noteworthy that the 

presence of plaques and tangles are two prominent features of normal aging. This suggests that 

there is a quantitative, rather &an a qualitative, difference ktween the brains of the healthy 



elderly and those with AD - the brains of AD patients have more plaques and tangles than those 

contained in normal aged tnains. Further changes in the brains of individuals with AD include: 

degeneration in several neuronal systems, such as intrinsic neurons in the neocortex and 

hippocampus (somatostatin, corticoliperin), cortico-cortical association neurons (glutamate), 

conicofugul neurons (glutamate), including connections between the entorhinal cortex and 

hippocampus, as well as ascending projections from the basal forebrain and brain stem to the 

forebrain (acetylcholine, serotonin, noradrenaline) (Whitehouse et al., 1985; Beal and Martin, 

1986; Hyrnan et al., 1987; Reinikainen et d., 1990). 

Symptoms of Alzheimer's Disease 

AD is still a diagnosis of exclusion and can only be confirmed at autopsy (with the 

accuracy of diagnosis normally about 8590% correct). The symptoms of AD were fust 

described by a German physician, Alois Alzheimer, in 1907 (Alzheimer, 1907). Although the 

most consistent symptom and finding in patients with .W is memory loss, it is seldom the only 

feature. A ,gadual, progressive decline in intellectual function is the hallmark. Symptoms of AD 

include a gradual memory loss, decline in ability to perform routine tasks, impairment of 

judgement, disorientation, personality change, difficulty learning, and loss of language skills 

(Rybash, 1985). There is variation in the rate of change from person to person. The disease 

eventually renders its victims totally incapable of caring for themselves. Presently, there is no 

cure for the disease. Death usually ensues after fomeen plus years after the initial onset of 

symptoms, regardless of the age at which it strikes (Reisberg, 1987). 



What Causes Alzheimer's Disease? 

The cause of AD is not horn and is currcdy receiving irntefisi-ye scientific investigation. 

Both genetic and environmental factors have been proposed to play a role in the pathogenesis 

(Amaducci et al., 1986; Katzman, 1986). Researchers have identikd an abnormal gene on 

chromosome 21 in families in which AD appears in generation after generation with cyclic 

regularity (St. George-Hyslop et al., 1989). Furthermore, Rudolph Tanzi and his colleagues 

(Tanzi et al., 1987) found that the gene responsible for the production of amyloid (the core 

material of senile plaques) is also located on chromosome 21. However, the majority of cases 

of AD do not seem to be genetic (or familial) in origin and are unrelated to specific chromosome 

defects (Ladislave and Crino, 1990). 

Nevertheless, the description of several large families in which the occurrence of the 

disease is consistent with the pattern of transmission of an autosomal dominant gene (familial 

AD) justifies the assumption that at least in some cases AD is caused by a genetic defect 

(Goudsmit et al., 1981; Nee et al., 1983). Epidemiologic family studies have generally found a 

familial incidence of 50% among relatives of AD probands compared to a 10% risk in relatives 

of controls, indicative of the expected segregational pattern of an autosomal dominant mutation 

with age-dependent expression (for review, see St. George-Hyslop et al., 1989). Nonetheless, the 

expression of the genetic defect may be modulated by environmental factors. 

Risk Factors for Alzheimer's Disease 

Identifj4ng risk f a a m  for AD has keii coi~iplcated by the potentid iilidagnosis of 

patients and because the patient is often incompetent to provide historical information; thereby, 



necessitating information to be obtained from individuals other than the patient. Despite these 

difficulties, a few putative risk factors have consistently emerged. These include the following: 

family history of dementia, Down's syndrome, maternal age, head injury, and thyroid disease. 

Family history of dementia, especially in a sibling, is an important risk factor; however, the 

relationship between head injury and thyroid disease is less clear (4Mayeux et al., 1990). 

Free Radical Theory of Aging 

While several lines of evidence point to a multifactorial etiology of Alzheimer's Qsease 

(Kay, 1987), pathological features of AD are quite uniform and indica?e that a single mechanism 

may be responsible for the progressive brain degeneration. This mechanism may involve 

increased-free radical attack and damage of the brain in AD patients (Volicer and Crino, 1990). 

The free radical theory of aging, formulared in November of 1954 by Denham Harman, 

assumes that there's a single basic cause of aging which is modified by genetic and 

environmental factors (H-, 1356). This theory postulates that free radical reactions are 

involved in aging and disease. It suggests that small, but life-long defects in protection against 

free radicals cause progressive tissue damage. More specifically, the free radical theory suggests 

that toxic by-products of oxygen metabolism (oxygen free radicals) react with DNA, proteins, 

and lipids causing defects in information storage, information retrieval, and enzyme and 

membrane functions (Harman, 1956). Thus, oxygen metabolism is pleiotropic in nature. It is 

essential for life in some organisms, but it also has long term detrimental effects. Oxygen is 

utilized by aerobic organisms due to its ability to efficiently yield a high output of energy 

compared to anaerobic respiration; however, with the passage of time, oxidative metabolism has 



potential negative effects on the organism due to the production of toxic by-products. Support 

for the free radical theory of zging comes from many areas of study which include the origin and 

evolution of life, life span experiments (e.g., diet restriction studies), studies implicating free 

radical reactions in the pathogenesis of specific diseases, and the plausible explanations it 

provides for aging phenomena. 

Aging Phenomena 

As stated above, the fkee radical theory of aging is supported by the plausible explanations 

it provides for many aging phenomena. These include the following: (1) The observation that 

average life span in mammalian species is inversely proportional to basal metabolic rate (Cutler, 

1982). Ln fact, the product of specific rlletabolic rate (SMR) of a species with the maximum life 

span potential (MLSP) appears to be a constant (termed the life span energy potential; LEP). In 

other words, for many species "aging rate" is proportional to "metabolic rate" (cal/g/day). Also, 

animals which hibernate, t h e ~ b y  reducing their metabolic rate since their oxygen consumption 

is significantly lowered during hibernation, have increased longevity. Furthermore, in lower 

animals, life span can be extended considerably by keeping cold-blooded animals such as reptiles 

and insects, at lower temperature, thus decreasing metabolic rate and production of free radicals 

(Cutler, 1982). Decreasing the metabolic rate of houseflies by preventing them from flying also 

produces a marked increase in life span (Sohal et al., 1981). (2) The clustering of degenerative 

diseases in the terminal part of the life span. (3) The exponential nature of the mortality curve. 

(4) The beneficial effects of caloric restriction on life span and degenerative diseases. Diet 

restriction studies have shown that both the mean and maximum life span can be extended. Such 



experiments use alterations which limit diemy consumption of substances which enhance free 

radical formation md increase cumumption of compuads which irthibir free radical reactions. 

Encreasing d i e m  consumption of easily oxidired amino acids was found to reduce life span and 

opposite results were obtained when pmteins low in oxidizable amino acids were used as protein 

sources. In fact, dietary changes have demonstrated faj an increase in life span in mice, rats, and 

Drosophila fruit flies; (b) an inhibition of some forms of cancer. (c) a reduction in arnyloid 

formation; and fd) an enhancement of i m u w  function. 15) The increase in autoimmune 

disorders with age. (6) The decline in mitochonctrial numbers. and changes in its structure and 

function with age. (7) The accumuiation of oxidative alterations in long-lived molecules (e.g., 

chromosomal material, collagen, eiastin). It has been demonstrated that low levels of mutagens 

(which act via free radicals), where the DNA damage induced by the agents appears negligible, 

cause slow drift of cells away from their proper differentiared state or improper gene regulation. 

Furthermore, active oxygen species induce chramosomal aberrations, and longer-lived species 

have a slower rate of accumulation of chromosomal aberrations. 18) The breakdown of 

mucopolysaccharides via oxidative dege~mtion. (9) The accumuiation of metabolically inert 

materid lie., lipofuscin) via oxicfarive polymerimtion of lipids and p t e i n s  (Nmmn, 1981). 

AccurnuIation of an "age-pigment", lipofuscin, which results from lipid peroxidation, is evidence 

of cumulative free-radical damage. Lipfuscin accumulaxes in many, but not dl, long-lived, post- 

mitotic cells, including neurons in the tend nervous system and cardiac mywytes (Sohal et al., 

1986). Lipofusin accumulation has been ~poned to be increased in the oIivary nucleus of AD 

patients @owson, 19821, but similar to age-matched controls in the nucleus basalis of Meynen 

( M m  et al.. 1988)- Ir may be: significant that in the subpeduncular nucleus, neurofibrilhy 



tangles were found ody in cells with either lipofuscin deposits or in cells containing 

nermrmelanin (Ohm et al, 1988). Melanin itself exists in a free radical form and may catalyze 

free radical formation (Halliwell ex al., 2987). Thus, it is possible that free radicals participate 

in the development of neuro&tKillary tangles which are present in small numbers even in the 

b i n s  of n o d  elderly individuals (Rafdowska et al., 1988). 

Free Radicals 

C h m i C i F E  b o d s  are camped of two paired electrons, one wirh its spin pointing up and 

&e with its spin pointiag down, such that the net spin of the pair of electrons is zero. This 

is mmgeticdly favorable; consequently, e l m n s  prefer to form pairs. Free radicals are species 

formed by homolydc 7 whereby a chemical bond is broken in such a way that one 

e l m  goes with eaeh pama- Thus, free radicals have an mpairerf eleman in an outer shell. 

They are d y  quire d v e  (espakdly s d l  free radicals). However, there is quite a large 

variarion in the degree of reactivity and toxicity of free radicals. Free radicals can be produced 

in vivo by irradiation (ionizing r;tdiation or light) or by bond homoiysis (uncatalyzed or 

catalyzed) and participate in many bioIogical processes, both beneficial and deleterious to the 

qanism (HaUiwell d G-, 1987- Pryor, 1986; Southorn and Powis, 1988). 

h e  d& axe gemzad in the synrfiesis of eicosanoids and other normal and useful 

prodm of oxygmse enzymes In addirion, oxygen free radicals are used by macrophages and 

lenkqms ro kill invading m i m m p & m  as part of the My's defense against infection. 

However, free & i d s  <#a aZso be itazar;dous to host cells and when their concentration 

e ~ c s e e d s t t r e l ~ l t B a r c a n b e ~ ~ t h e d e f e z l ~ e s y s t e m s a r w h e n t h e y ~ i n t h e w ~ o n g p l a c e  



at &e wrmg time, Free d c &  can cause tissue destruction by disrupting membrane functions 

~ o u g h  peroxidadon of @ids, inadvation of entjmes by oxidation of sulffiydryl groups, 

&polymerization of polysaccharides, and disruption of nucleic acids (Southom and Powis, 1988). 

The involvement of free radicals and reactive oxygen metabolites (ROM), namely 

superoxide and hydmxyl f-ree radicals, and hydrogen peroxide, and their reactivity with various 

DNA, lipid, and protein cellular components in the pathogenesis of numerous diseases has 

Irecome a topic of burgeoning scientific and medical interest (Granger, 1988). ROM have been 

implicated in several neurological diseases, such as Alzheimer's disease, Parkinson's disease, 

Down's syndrome, and schizophrenia (Cadet, 1988). Also, inflammatory, carcinogenic, ischemic 

and immunological diseases, both acute and chronic, are among the diseases in which free 

radicals are believed to have a hand in the pathogenesis. In addition, free radicals are implicated 

in atherosclerosis, liver cirrhosis, and cararact formation (Southorn and Powis, 1988). 

Furthermore, the aging process itself has been proposed to involve the deleterious accumulative 

effects of increased free radical damage (Wmnm, 1984; Southom and Powis, 1988). In fact, 

L q  W. Oberley (1982) has gone as far as to speculate that: 

"The subject of oxygen radicals in disease will be the most 
important field of research in medical sciences for some 
time to come, eclipsing some of the present very popular 
subject areas. This is because any disease must have as its 
h i s  sow mechanism of damage, and that mechanism will most 
Iikely k shown to be the very reactive oxygen radicals. 
Thus, oxygen radicals have already been implicated in immune 
diseases, cancer, aging, diabetes, and muscular dystrophy. 
Oxygen radicals may r t ~  be the initial cause of those diseases, 
Om they may cause ?he uldmate damage- I predict that 
knowledge of this area will be essential in fume medical 
a e a t m e n ~ ~ ~  



As already mentioned, oxygen-derived free radicals are formed during several 

physiological and pathological processes (Halliwell and Gutteridge, 1987; Pryor, 1986). The 

hydroxy radical, which can be formed from superoxide and hydrogen peroxide by the Haber- 

Weiss reaction or from hydrogen peroxide in the presence of a cofactor ( ~ e ' ' ~  or CU'~) by the 

Fenton reaction, is the most reactive of these free radical species (Southorn and Powis, 1988). 

Free ions of transition metals, such as iron, catalyze the formation of oxygen free radicals 

(Halliwell and Gutteridge, 1987). 

Normally, damage by these highly toxic moieties is prevented or reduced by the action 

of a defense system consisting of the antioxidant enzymes superoxide dismutase, glutathione 

peroxidase, and catalase. Superoxide dismutase catalyzes the rapid high affinity conversion of 

superoxide to hydrogen peroxide. Hydrogen peroxide is then converted to water and oxygen by 

either glutathione peroxidase or catalase. These three enzymes are present in essentially all 

tissues of the body. In the central nervous system, the concentrations of superoxide dismutase 

and glutathione peroxidase are much higher than those of catalase (Marklund et al., 1982). Under 

certain conditions, however, these regilatwy mechanisms are not completely effective and 

pathological production of h e  radicals results (Halliwell and Gutteridge, 1987). 

Several conditions, such as brain injury, blood flow disturbances, and abnormal free 

radical metabolism, could increase the rate of the Fenton reaction in the brain and could play a 

role in the phogenesis of Alzheimer's disease (Volicer and CMO, 1990). 



Increased Free Radical Formation 

As stated above, brain trauma is a risk factor for Alzheimer's disease. In fact, a group 

of researchers have documented the development of Alzheimer's disease pathological changes 

in a young male after the male sustained brain injury (Rudelli et al., 1982). In addition, the 

neurofibrillary tangles present in dementia pugilistica (which are thought to result from repeated 

brain trauma) have been reported to be identical to those obse~ved in the brains of patients with 

Alzheimer's disease (Roberts, 1988). When the brain is injured, free iron is released and, 

consequently, free radicals are produced via the Fenton reaction. 

A greater than normal amount of free radicals are also formed during reperfusion of 

ischemic tissue; this excessive free radical production is believed to be the root cause of 

reperfusion injury (Granger, 1988). Furthermore, amyloid microangiopathy, a condition prevalent 

in many patients suffering fron Alzheimer's disease, primarily affects arterioles and capillaries 

and could lead to blood flow fluctuations in very small regions of the brain. Alhough these 

alterations in blood flow might not cause clinical symptoms, the accumulative effects of repeated 

ischemia and reperfusion could increase the rate of production of free radicals and result in focal 

areas of neuronal degeneration (Volicer and Crino, 1990). 

Neurotoxins and Free Radicals 

Free radicals have also been implicated in the action of some neurotoxins. For example, 

6-hydroxydopamine, a catecholaminergic neurotoxin, produces free radicals during its 

autoxidation. However, the toxicity of 6-hydroxydopamine may also be mediated via an oxidized 

quinone form which cross-links sulfhydryl groups on proteins (Cohen et al., 1978; Graham, 



1978). Indoleamines and catecholamines have been demonstrated to behave as free radical 

scavengers @ e h g e  and " u h t ,  1988). Wk~-actions between neuiiiransITiitters and free radicals 

may lead to the generation of endogenous neurotoxin(s). For instance, serotonin has been 

observed to be oxidized into tryptarnine-4'5-&one (4,5-DKT) by the Ftnton reaction; 4,s-DKT 

is a potent neurotoxin which exhibits morphological and biochemical selectivity in the animals 

studied (Volicer and Crino, 1990). 

Furthermore, the induction of stress proteins by neurotoxins and free radical 

oxidants and the identification of ubiquitin, a small heat shock protein, in the neurofibrillary 

tangles in Alzheimer's disease provides further support that chronic oxidative stress may play an 

important role in the pathogenesis of Alzheimer's disease (Lowe et al., 1988). Ubiquitin serves 

an important role in protdytic systems aimed at ridding cells of abnormal proteins generated 

under stress. Overwhelming this capacity may lead to the accumulation of ubiquitinilated protein 

conjugates in the form of cytoskeletal inclusions (Pappolla et al., 1992). Abnormal cytoskeletal 

accumulations, known as neurufikhy tangles, are one of the prominent features of Alzheimer's 

disease. Studies have revealed that free-radicals are powerful inducers of heat-shock protein 

synthesis. Cytoskeletd structures are among the primary targets of injury caused by heat shock 

protein inducers or oxygen free radicals. It has been demonstrated (Pappolla et al., 1991) that 

the superoxide anion is a pow& inducer of heat shock protein synthesis, and that in response 

to oxidative smss, intracellular levels of antioxidant enzymes increase several fold (Omar et al., 

1987). Under conditions of stress, some heat shock proteins bind tightly to cytoskeletal proteins, 

therebyZ leading to the development of some degree of tolerance to subsequent injury (Wiegant 



Besides the senile plaques, nemfibrillary tangles, and granulovacuolar inclusions, tissue 

from Alzheimer's disease patients also shows condensed chromatin (Lewis et al., 1981), reduced 

DNA expression (McLachlan and Lewis, 1985), and increased membrane permeability in several 

cell types (Zubenko, 1986; Elovaara et al., 1987; Zubenko et al., 1987). These abnormalities are 

consistent with the expected actions of free radicals. 

Antioxidants 

Many protective mechanisms have evolved to stabilize the proper differentiated state of 

cells and reduce the toxicity of oxygen utilization. One method is the compartmentalization of 

some of the most toxic reactions into a single organelle, such as the mitochondria, which acts to 

segregare these harmful materials from other more sensitive regions of the cell, such as the 

nucleus. Another defense mechanism which has evolved is the presence of antioxidants which 

remove reactive oxygen s p i e s  before they can damage cellular stmctures. 

In addition, longer-lived species would not be predicted to have different types of 

protective mechanisms (a qualitative difference) which is more effective, but rather more of the 

same protective mechanisms (a quantitative difference) (Cutler, 1979). Antioxidants seem to 

have evolved to reduce the aging rate (not eliminate it) to the extent that aging does not seriously 

affect the organism's performance before it is killed by other causes unrelated to aging. Many 

sttidies have been conducted to determine if longer-lived species do indeed have higher 

cmcentrations of antioxidants compared to shorter-lived species. Generally, longer-lived species, 

particularly humans, do have higher levels of antioxidants per amount of reactive oxygen species 

produced endogenously (Gerster, 1991). Some of the antioxidants exhibiting a positive 



correlation between antioxidant levels and MLSP (maximum life span potential) or LEP (life span 

energy potential) are the foBowing: superoxide disrnwises (GuZnSOD and MaSOI)), uric acid, 

carotenoids, alpha tocopherol (vitamin E), and ceruloplasrnin (Cutler, 1986). 

Superoxide Dismutase 

Superoxide dismutase, a biological antioxidant which removes the superoxide free 

radicals, is one of the most important enzymes involved in defense agakist the toxic by-products 

of oxygen metabolism and without this enzyme (or an equivalent form of protective mechanism), 

an aerobic organism cannot survive. Experimental studies of mammalian species have found an 

excellent correlation between the ratio of SOD per SMR and MLSP (Cutler, 1982). Thus, a 

species' LEP is proportional to the level of SOD in its tissues. The extraordinary linearity of the 

correlation suggests that this ratio may be a constant, implying that the amount of superoxide free 

radicals produced per amount of oxygen consumed is similar in mammalian species. Therefore, 

the maximum amount of oxygen a tissue is capable of utilizing over its life span is directly 

propomonal to the amount of protection provided by SOD that tissue has against the toxic by- 

products of oxygen metabolism (Cutler, 1986). 

The SOD enzyme has a similar structure in many different mammalian species; therefore; 

the higher concentrations of this enzyme found in longer-lived species is most likely due to more 

of the SOD enzyme and not the result of a better, more efficient enzyme. 



Superoxide Dismutase Activity and Free Radical Damage 

As mentioned earlier, the Sioliigical effects of oxygen free radicals we conmlled in vivo 

by a wide spectrum of antioxidative defense mechanisms which include cartenoids, alpha 

tocopherol, metabolites such as uric acid, and antioxidant enzymes. Among these enzymes, the 

superoxide dismutases catalyze the conversion of the superoxide radical to hydrogen peroxide and 

oxygen (Fridovich, 1975). Superoxide dismutase, together with catalase (which catalyzes the 

breakdown of hydrogen peroxide) and glutathione peroxidase (which detoxifies hydrogen 

peroxide and also converts lipid hydroperoxides into non-toxic alcohols), provide the main 

defense against damage from h-1 oxygen metabolites in human cells. 

Oxidative damage in cells can be mediated via the iron-catalyzed Haber-Weiss reaction 

(0; + H,O, --> 0, + OH- + OH3 (Halliwell and Gutteridge, 1984). The extremely reactive 

hydroxyl radicals (OH), thus produced then proceed to initiate a chain reaction which ultimately 

leads to lipid breakdown of cell membranes (Fee and Teitelbaum, 1972; Brooksbank and Balazs, 

Theoretically, any imbalance in the relative levels of superoxide dismutase, glutathione 

peroxidase, and catalase may have deleterious effects on cell membranes. Increased superoxide 

Gisrnutase activity, if not accompanied by similar increases of other antioxidant enzymes, may 

be harmful. An excess of superoxide dismutase relative to the peroxidases may result in the 

buildup of hydrogen peroxide. It has been reported (Ceballos et al., 1986) that within the 

substantia nigra, the CuZnSOD gene is preferentially and highly expressed in the neuromelanin- 

pi-men& neurons. This would facilitate removal of superoxide radicals. Alternatively, a high 

cellular CuZnSOD activity would promote hydrogen peroxide production which could cause 



damage to the neurons. Hydrogen peroxide toxicity due to high superoxide lsmutase activitj 

has also been observed in bacteria. An increase in superoxide dismutase activity could lead to 

production of a large amount of hydrogen peroxide which in the presence of Fe(I1) would lead 

to generation of hydroxyl radicals via the Haber-Weiss reactiorr or the Fenton reaction ( ~ e ' ~  + 

H,Q --> ~ e ' ~  + UI-F + UH3. Since there is no known defense mechanism against hydroxyl 

radicals, this could produce damage to brain regions. The deleterious effects of this excessive 

activity could be due to an increasing formation of hydrogen peroxide and hydroxyl radicals, 

which are capable of leading to peroxidation reactions, which result in impairments of membrane 

properties. Thus, a relative increase in superoxide dismutase activity over that of hydrogen 

peroxide-removing enzymes within the same cellular compartment might result in an increase of 

oxidative challenge rather than in a greater capability of defense against reactive oxygen 

derivatives. Similarly, a relative deficiency of superoxide dismutase might lead to the buildup 

of the superoxide radical, which would shift the Haber-Weiss reaction to the right, resulting in 

enhanced production of the hydroxyl radical. 

Inactivation of SOD-1 has been reported to be associated with aging in rats (Reiss and 

Gershon, 1976; Glass and Gers'nom, 1981). Furthermore, induction of superoxide dismutase by 

oxygen stress was demonstrated to be greater in aerobic bacteria by Gregory and Fridovich and 

in eukaryotes by Crapo and Tierney. The s u p x i d e  dismutase induction capacity is diminished 

in the elderly compared with that in young adults under conditions of oxidative stress. 

Experimental studies have also shown that superoxide dismutase induction in leukocytes by in 

vim paraquat exposure was greater in healthy subjects aged 20-40 years than in subjects aged 

65 to 79 years old (Niwa et a,., 1988). Control of SOD-1 activity at the pre-translational level 



of gene expression has been documented in both rat and mouse (Delabar et al., 1987). Because 

active SOD-1 contains both copper and zinc, a lowered SOD-1 activity may reflect copper and/or 

zinc deficiency (L'Abbe and Fisher, 1986; Okahata et al., 1980; Were et al., 1983), or 

substitution with another metal ion. Aluminum is of particular interest because elevated levels 

have been found in the brains of both Alzheimer's disease and Down's syndrome patients 

(Crapper et a]., 1976; Dalton and Crapper, 1977). Oral administration of aluminum hydroxide 

to rats has been reported to significantly decrease SOD-1 activity in brain (Ohtawa et al., 1983). 

An aluminum-related reduction in superoxide dismutase activity might account, at least in part, 

for the additional finding that aluminum salts accelerate the iron-stimulated peroxidation of 

membrane lipids (Gutteridge et al., 1985). 

Thus, eitb,er an increase or decrease in superoxide dismutase activity might result in the 

unscheduled oxidation of susceptible molecules, increased membrane permeability, and cell death. 

Superoxide dismutase itself, contained in liposomes, has been utilized in the treatment of brain 

trauma in experimental animals, hence the specific tissce levels of superoxide dismutase 

necessary for the maintenance of an appropriate redox tissue status is evidently a delicate one. 

Neurons 

The human brain is thought to consist of one hundred billion neurons, about the same 

number as the stars in our galaxy. Neurons are the building blocks of the brain. They have the 

same general organization and the same biochemical apparatus as other cells, but also have some 

unique characteristics of their own. Among the specialized features that they possess, which 

other cells do not have, are those which pertain to the special function of neurons as transmitters 



of nerve impulses, such as their need to maintain ionic gradients, involving a high rate of energy 

consumption, and those associated with the ability of neurons to manufacture and release a 

special array of chemical messengers, called neurotransmitters. Thus, neurons have a distinctive 

cell shape, have an outer membrane capable of generating nerve impulses, and a unique structure 

(the synapse) for transferring information from one neuron to the next. 

The brain is the most active energy consumer compared to all other organs of the body. 

This is reflected in its large blood supply and oxygen uptake. Although the human brain 

represents only two percent of the total body weight, its rate of oxygen utilization (50 mL/min) 

accounts for twenty percent of the total resting oxygen utilization (Vander et al., 1990). This 

enormous expenditure of energy is believed to be due to the need to maintain the ionic gradients 

across the neuronal membrane on which the conduction of impulses in brain neurons depends. 

In addition, the rate of brain metabolism is relatively constant day and night and may even 

increase somewhat during the dreaming phases of sleep. 

Whereas the other M y  organs are capable of utilizing a variety of energy sources (e.g., 

sugars, fats, and amino acids), neurons can only use blood glucose. Furthermore, whereas other 

tissues such as muscle are able to function for short periods of time in the absence of oxygen, 

the brain is entirely dependent upon oxidative metabolism. If the oxygen supply is cut off for 

4-5 minutes or if glucose is cnt off for 10-15 minutes, brain damage will occur. Although 

elaborate homeostatic mechanisms exist to ensure that the blood pressure will remain stable snd 

&at &ere will be constant levels of oxygen md glucose in the blood, the enormous behavioral 

flexibility made pssiMe by the expanded size and capacity of t!e mammalian brain has k e n  

acquired during evolution at a high metabolic cost. 



The Blood-Brain Barrier 

Neurons are extremely sensitive cells. Their function can be disrupted by toxic substances 

that find their way into the bloodstream and also by small molecules that are normally present 

in the blood, such as amino acids. The brain is isolated from the general circulation by a 

selective filtration system called the blood-brain banier which closely controls both the kinds of 

substances that enter the extracellular fluid of the brain and the rate at which they enter; thus, 

regulating the chemical composition of the extracellular fluid of the brain and minimizing the 

ability of many harmful substances to reach the neurons. 

The blood-brain barrier exists within the endothelial cells lining the brain capillaries. 

Adjacent endothelial cells in brain capillaries are completely sealed together by continuous tight 

junctions so that all substances entering or leaving the brain must pass through two plasma 

membranes and the cytoplasm of the endothelial cells (Vander et al., 1990). The blood-brain 

barrier is selective in what it allows to pass through. Substances which dissolve readily in the 

lipid components of the plasma membrane enter the brain quickly. This is how some drugs act. 

Although small molecules such as those of oxygen can pass readily through the barrier, most of 

the larger molecules required by the brain cells, such as those of glucose, must be actively taken 

up by special transport mechanisms (i.e., membrane carrier proteins). A similar transport system 

moves materials out of the brain to prevent buildup of chemical compounds which may interfere 

with brain function. Thus, the effectiveness of the blood-brain barrier is due to the relative 

impermeability of the blood vessels in the brain and to the presence of tight sheaths of glial cells 



(cells which provide snuctural and metabolic support for the meshwork of neurons) around the 

blood vessels. 

A few select regions of the brain are not shielded by the blood-hain barrier, they include 

structures that are specifically responsive to blood-borne hormones or whose job it is to monitor 

the chemical composition of the blood. These regions, where capillaries in certain areas of the 

brain are devoid of the blood-brain barrier, account for less than 1% of the brain volume (Vander 

et al,, 1990). 

Sensitivity of Neurons to Oxidative Stress 

The neurons of the adult brain cannot be replaced and must last a lifetime. Thus, neurons, 

and other terminally differentiated cells, such as myocytes, which do not replicate in mature 

animals, are uniquely sensitive to oxidative stress and loss of their function is always serious. 

Thus, effective function of defense mechanisms against active oxygen is essential. These cells 

need to survive for many years; therefore, they need to be well protected against active oxygen 
- 

and reactive oxygen metabolites, Nevertheless, environmental and/or inherited malfunctions are 

capable of overpowering their defense system. Targets susceptible to oxidative damage on nerve 

cells include DNA, cell membranes, nrritochondrial membranes, axonal membranes, sulphydryl 

proteins, and rnicrotubdes. 

Although superoxide and hydrogen peroxide are capable of damaging biological structures 

atom encountered The most significant daxnage is likely to happen to DNA molecules or 



proteins which have a transition mead ion bound to them @avison et d., 1988). Since hydrogen 

pmxide  i s  rdativefy ~ ~ t i v e ,  it enjoys a significant life span, and thus is able to diffuse 

randomly throughout the cell it was generated in and may even mverse a couple of cell 

membranes. The greatest damage occurs when a reduced omsition m e d  encounters a hydrogen 

peroxide molecule at an imponant target, thereby, generating a hydroxg.1 radical in close 

proximity to the target (Davison et al., 1988). An electron is transferred to hydrogen peroxide 

in a Fenton reaction, as follows: 

Mef + H@,' -> Me"2 + OHg+ OH' 

The oxidized metal ion can then be re-reduced by a variery of cellular e k m n  donors. Copper, 

iron, and manganese are among the metal ions which are effeefive in intracellular Fenton 

reactions. An important feantre of these metal ions is that they are capable af undergoing redox 

cycling, fn  he presence of a source of hydrogen peroxide. their contribution to biological 

damage is greatly amplified by reclnring cycles of reduetion followed by hydroxyl radical 

generatian through an ensuing Fen- reaction {Davison et d., 1988). 

The Blood and Brain Connection 

The vulnerabihy of rfie b;rain to the oxidative stress induced by oxygen k radicals 

appears to be due to the fact on the one hand, the brain utilizes approximarely 20% of the 

r@S Qxygen dmxd af rhe bady and on the other hand, it is not particUtar1y enriched in any of 

rhe mtioxidant mqms in campison to other organs (Haman, 1983; FIoyd, 1984). 



The in vifm measurement of the antioxidant activity of blood sera offers a useful index 

of redox s w s .  ?he oxygen free radical metabolizing enzymes in the bfood may represent the 

enqmatic activity in the brain- IE could also be that the oxygen free radical metabolizing 

enzynres in b i d  have no reMm to that present in the brain cells. However, an increase in the 

oxygen free radical metabulizing enzymes in blood would affect the levels of oxygen free 

radicals ir, the brain because d.te brain is receiving the blood with increased oxygen free radical 

mtabiizing capacity. Red b l d  cells contain only CuZnSOf), in addition to glutathione 

p x k b e ,  which is encoded on cttromosome 3 (Wijnen et al., 1978; Jofiannsmann et at., 198 l), 

and camhe, which is e m  on chromosome 11 (Wieacker et al., 1980; Junien et al., 1980). 

Hydrogen peroxide and saperoxide are diffusible molecules. If they are produced in 

excess in red blood =Us in Alzheimer's disease, they could diffuse from the red blood cell 

axnpmmt and cause damage m bled vessels, including the endothelid ce l s  of the brain 

ca@iries via the Haber-Weiss maion, perhaps contributing to the formation of vascular 

anyloid Thus, in Alzheimer's disease, aside fhxn inherent imbalances in the oxidative processes 

in b i n ,  damage to the brain might be i~~e1erated by continual assault with excessive hydrogen 

peroxide and superoxide fi-ikn red b h d  cells. Damage to the b1OOd-brain barrier might trigger 

mhx pad#,logid process;es sucb as iiutcrimmuniry or the abnormal accumulation of aluminum 

&a has lrreen daammted in the k a k  of Aizhe'-'s disease patients (Crapper et ai., 1976) and 

i ~ ' s  patients @aim a d  Crapper, 1976). 



The Link Between Down's Syndrome and Alzheimer's Disease 

me similarity bemeen the pathological changes observed in Alzheimer's disease patients 

and Down's syndrome patients suggests that genetic factors are contributing to abnormal free 

radical metabolism in Alzheimer's disease (Mann, 1988). It is well documented that nearly every 

individual suffering from Down's syndrome begins to develop the biochemical and pathological 

symptoms of Alzheimer's disease by about the age of forty years (Kolata, 1985; Wurtman, 1985). 

Also, there is an increased frequency of Down's syndrome in fatdies  of patients with 

Alzheimer's disease. Down's syndrome patients exhibit chromosome 21 trisomy. Since the gene 

coding for CuZnSOD is located on chromosome 2 1,  it is overexpressed in Down's syndrome 

patients. 

Because superoxide dismutase plays an important role in the scavenging of oxygen 

radicals in cells and nisomy 21 patients have three copies of the CuZnSOD (SOD-1) gene, it has 

been proposed that the extra SOD-I gene in Down's syndrome is responsible for some of the 

m&fesr;ations of Down's syndrome (SOD1 in humans has been localized to band 216122.1 on 

the long arm of chromosome 21). The increase in SOD-1 in Down's syndrome due to 

chromosome 21 msomy suggests that disturbances in the metabolism of reactive oxygen 

metabolites and enhanced lipid peroxidation may contribute to the distinctive pathological 

features of the disease. In addition to increasing lipid peroxidation in the brains of Down's 

spdrome patients (Brooksbank and B k ,  19841, the unusually rapid elimination of superoxide 

radicals may affect the oxyratfical biosynthesis of neuromediators (Michelson et al., 1977; Sinet, 

1982; Jezioroska et al., 1988)- Increased levels of SOD activity will result in an increased rate 

of conversion of s u p x i d e  radials into hydrogen peroxide. If the ability of enzymes to remove 



hydrogen peroxide is overloaded due to the presence of excessive hydrogen peroxide, then the 

pathway to hydroxyl radical formation will be favored. Recall that hydrogen peroxide is a 

substrate for both the Fenton reaction and the Haber-Weiss reaction which both lead to the 

production of the extremely destructive hydroxyl radicals which are capable of reeking havoc in 

biological systems due to their high, non-specific reactivity (Sinet, 1979). 

In fact, there is considerable evidence suggesting increased damage from oxidative 

processes in msomy 21 (Sinet, 1982; Brooksbank and Balazs, 1984). Although direct evidence 

implicating increased SOD activity in the pathogenesis of Down's syndrome is lacking, 

convincing evidence exists supporting the notion that elevated SOD activity mimics some of the 

Down's syndrome features (Volicer and Crino, 1990). A study involving transgenic mice 

carrying the human CuZnSOD gene found that the mice expressing elevated levels of h- 

CuZnSOD displayed pathological changes at the tongue neuromuscular junction which are similar 

to defects observed in the tongue muscle of Down's syndrome patients (Avraham et al., 1988; 

Yarom et al., 1988). Another similarity between these transgenic mice and Down's syndrome 

patients was that like the platelets of individuals with Down's syndrome (Coyle, 1986), the blood 

platelets from the transgenic mice were observed to have a less efficient uptake mechanism for 

serotonin (Schickler et d., 1989). This defect is due to a reduction in the transport rate of 

serotonin into dense granules in both the Down's syndrome platelets and platelets from the 

transgenic mice. Also, a study found that glutathione peroxidase (which detoxifies hydrogen 

peroxide) activity was elevated in erythrocytes of Down's syndrome patients (Sinet, 1979)' thus 

providing further evidence that Down's syndrome patients are exposed to higher h e  radical 

concennarions compared to neurologically healthy individuals. The increase in Gutathione 



peroxidase activity observed may reflect a compensatory adaptation to increased hydrogen 

peroxide lo& In addition, an experiment which involved the insertion of an extra copy of the 

CuZnSOD gene into normal fibroblasts resulted in increased lipid peroxidation (Groner, 1986). 

Involvement of chromosome 21 in Alzheimer's disease is not clear. A locus for familial 

Alzheimer's disease has been located on chromosome 21, but there is no convincing evidence 

for an excess of chromosome 21 DNA in Alzheimer's disease. It has been reported that 

superoxide dismutase activity is increased in some brain regions of Alzheimer's disease patients 

(Marklund et al., 1985) and in fibroblasts of Alzheimer's disease patients (Zernlan et al., 1989). 

However, recent evidence indicates that there are multiple genetic loci for Alzheimer's disease 

(Bird et al., 1989). Chromosome 21 is not the only chromosome implicated in Alzheimer's 

disease. .Alzheimer's disease appears to be a heterogenous disorder and familial forms are 

heterogenous. Discordance for Alzheimer's disease in identical twins suggests that additional 

non-genetic factor@) are required for the development of the disease (Nee et al., 1987). Brain 

injury in an individual with genetic abnormalities of free radical metabolism may lead to 

formation of endogenous neurotoxin(s) which initiate progressive brain degeneration. Initial 

formation of a small amount of a neurotoxin could lead to further brain damage and release of 

rmm free radicals, establishing a self-propagating cycle. In contrast, multiple distinct insults may 

initiate Alzheimer's disease even in individuals without genetic predisposition. 



Chemical Properties of Superoxide Dismutase 

The study of oxygen free radicals is built upon the work of Dr. Irwin Fridovich. In 1969 

(McCord and Fridovich), the biochemical community was introduced to a new enzyme, conceived 

in mystery and dedicated to the abolition of superoxide free radicals. Although Fridovich was 

not the first to purify superoxide dismutase, he was the fust to explain its function and 

significance. 

SOD Family 

There are three forms of the superoxide dismutase enzyme in mammalian systems. Table 

1 indicates the general properties of the mammalian isozymes. These forms segregate into two 

f d e s ,  the CuZn and Mn/Fe dismutases, with dramatically different properties. It appears that 

these two families have evolved f h m  different ancestral proteins and arose in different areas 

durislg the evolution of species. 

The three isozyrnes of superoxide dismutase which have so far been identified are the 

following: the cytoplasmic form, CuZnSOD (SOD-I), which is encoded on chromosome 21 (Tan 

et al., 1973; Philip et al., 1978; Levanon et al., 1985); the mitochondrial form, MnSOD, which 

is encoded on chromosome 6 (Creagen et al., 1973); and the extracellular SOD, which is believed 

to have a separate gene locus (Marklund, 1984). 

Prokaryotes, both bacteria and blue-green algae, contain only enzymes of the Mn/Fe 

family. The CuZn forms are found in all higher eukaryotes, from fungi, ferns, mosses, and land 

plants, to invertebrates and vertebrates, while protozoans, the most primitive eukaryotes, lack 

CuZn superoxide dismutases (As& et al., 1980). Tfie first appearance of the CuZn form has 



been pinpointed to within the eukaryote green algae, of the class Chlorophyceae (Henry and Hall, 

1977). Since the earth originally contained a reducing environment, it is likely that superoxide 

dismutase (acting on an oxygen by-product) would have evolved after the accumulation of 

atmospheric oxygen was sufficient to constitute an oxygen toxicity threat. 

Of the four CuZn superoxide dismutases sequenced, 12 af the frrst 40 residues are 

invariant over a vast phylogenetic range, and an identity of nearly 50% is found when the entire 

amino acid sequences are compared ( B m  et al., 1980). This indicates that the members of the 

CuZn superoxide dismutase family have diverged very slowly, because their sequence 

conservation is so great (Barra et al., 1980). Such conservation is considered characteristic of 

proteins with a crucial physiological role, and is consistent with the protective function proposed 

for dismutases. 

Purification Properties of CuZnSODs 

It is the stability difference which distinguish the two superoxide dismutase families more 

strikingly than differences in structural parameters (Steinman, 1982). When purifying CuZnSOD, 

the crude homogenate is treated with a chlorofmethanol mixture, and the stipernate obtained 

after centrifugation is saturated with dibasic potassium phosphate, effecting a separation of 

organic and aqueous phases. The CuZn superoxide dismutase partitions into the aqueous phase, 

from which it is precipitated by addition of acetone. The ability to withstand such harsh 

treatment classifies CuZn supen,xi& dismutases as one of the most stable enzyme families and 

dso contributes greatly to the ease with which these enzymes are purified, because many other 



proteins are irreversibly denatured or precipitated by this treatment (McCord and Fridovich, 1969; 

McCord et al., 1977). 

The purification of many CuZn-dismutases has been performed with such protocol: 

chlorofom-ethanol treatment of the homogenate, followed by salting out of the organic phase, 

and acetone precipitation. This protocol, which is an adaptation of the Tsuchihashi method for 

removing hemoglobin from erythrocyte lysates (Tsuchihashi, 1923), is referred to as the McCord- 

Fridovich method, after its use in isolation of the first superoxide dismutase (McCord and 

Fridovich, 1969). 

Molecular Weight, Subunit Structure, and Metal Content of CuZnSOD 

The CuZn dismutases are a remarkably conserved family with respect to their gross 

strucnnal properties (Fridovich, 1978; Crapo et al., 1978; Fx-idovich, 1974). Without exception, 

the pmif2ed enzymes have been shown to be dimers (native molecular weight 31,000 to 33,000) 

conraining very nearly 2.0 g-atoms of copper and 2.0 g-atoms of zinc per mole. The two 

subunits are apparently identical and are associated solely by noncovalent interactions. Subunit 

d e c u l a r  weights esrimatd by physical methais (15,000 to 17,000) are in good agreement 

with the results of complete amino acid sequences now known for the enzymes from bovine 

(Evans et d., 1974; Steinmaa et aL, 1974; Abernethy et al., 1974) and human (Bana et al., 1980) 

tqdmqms. Each subunit contains one inmichain &ulfide bond and one active site, containing 

an atam of copper and an atom of zinc, Both the intrasubunit disulfide bonds and the metal- 

binding sites contribute w the strength of the subunit association. 



CuZnSODs show two rather constant and characteristic features in their amino acid 

compositions. First, the content of tyrosine and tryptophan is very low (ISarra et al., 1980; 

Jabusch et al., 1980). Human erythrocyte CuZnSOD contains only one tryptophan per subunit. 

Second, the content of glycine is high, h m  13 to 17 mol%, corresponding to approximately 20 

to 26 residues per subunit chain, or an average of about one glycine per every 6 to 8 amino acid 

residues (Steinman et al., 1974; Barra et al., 1980; Jabusch et al., 1980). Glycine is distributed 

rather evenly throughour the chain in the four known sequences. 

In the 3-D structure of the bovine CuZnSOD, this high content of glycine appears to be 

essential for the extensive beta-pleated sheet conformation, with intervening sharp bends in the 

polypeptide, and it is probably for this reason that this generous endowment with glycine has 

been conserved throughout the evolutionary history of CuZn-dismutases (Richardson et al., 1975). 

Structural Properties of CuZnSOD 

The structural properties of CuZnSOD from bovine erythrocyte has been completely 

worked out. The two subunits of the dimer, known to be chemically identical, appear to have 

0 

identical, or nearly identical, backbone conformations at 3 A resolution. The predominant feature 

of the structure is its large amount of beta-sheet. This sheet contains nearly 50% of the 

sequence, in 8 strands of andparallel arrangement. In three dimensions, the strands comprise a 

cylinder or barrel. At the subunit interface, and in many of the turns between beta-strands, there 

reside gIycine residues which are probably crucial for closeness of approach and sharp bending, 

respecrively. The metal-binding sires for copper and zinc are on the opposite side of the 

mcrfecule from the subunit interface. The two copper ions on the two separate subunits are 



0 

approximately 34 A apart. The copper and zinc ions within each subunit are only about 6 A 

distant, and are liganded by imidazole and carboxyl side-chain functions from residues in the 

beta-sheet and loop structures of the molecule. The metal@) in the CuZn superoxide dismutase 

serve to stabilize and organize secondary structural elements of the holoprotein, many of which 

already exist in the apoprotein. 

Stability Properties 

The stability of the enzyme from bovine erythrocytes has been documented more 

extensively than that of any other CuZnSODs. The activity (second-order rate constant for 

catalysis) is constant over a range from pH 4.5 to pH 9.5. Also, the bovine enzyme is stable to 

repeated-freeze-thaw cycles, and to prolonged refrigeration. However, while CuZn superoxide 

dismutases are a remarkably stable enzyme family with respect to their stability to the McCord- 

Fridovich protocol, it may be anticipated that some species variation from the paradigm of the 

bovine erythrocyte protein may be encountered. In appreciation of this variability, it is prudent 

to avoid indiscriminate exposure to extremes of denaturing or dissociating agents, to heat, or pH. 

General Features of the Catalytic Mechanism of CuZnSOD 

Copper reduction and reoxidation 

At neutral pH be s u p x i d e  radical is predominantly in the anionic form, 0, being the 

conjugate h e  of the f;yOrqsmxyl rack& (E.rQd, whose p G  is 4-8 (Beha- et al., 1970). Any 



catalyst must circumvent the electrostatic repulsion and consequent slow reaction between the two 

superoxide anions indicated in the chemical equation (eq'n 1) (Fridovich, 1979). 

The copper of superoxide dismutase acts as an electron carrier between the superoxide radicals, 

in two successive half-reactions, and the two anions never actually meet. This mechanism is 

depicted in equations 2 and 3 (Fridovich, 1979). 

(eq'n 2) E-CU", + 0; --> E-Cu"' + 0, 

(eq'n 3) E-CU+' + 0; + 2H" --> E-Cu + H202 

E = one superoxide dismutase subunit 

The resting enzyme contains copper in the oxidized (cu"~) state, deduced from x-ray absorption 

studies (Blumberg et al., 1978). In the first half-reaction, enzyme-bound copper is reduced from 

the cupric to the cuprous state, and the first superoxide radical is oxidized to dioxygen (eq'n 2) 

(Steinman, 1982). In the second half-reaction, copper is reoxidized to cupric, while the second 

superoxide is simultaneously reduced and protonated to form hydrogen peroxide (eq'n 3). Thus, 

the fust half-reaction involves only one electron transfer, whereas the second half reaction 

requires both electron and proton transfer, The source of the proton is not known for certain, and 

has been the subject of some investigarion (Steinman, 1982). 



From monitoring the disappearance of superoxide, by UV absorbance measurements of 

irradiated enzyme solutions, the second-order rate constant for catalysis has been found to be 2 

X lo9 M-' sec-' (Klug et al., 1972; Rotilio et al., 1972). An identical value has been found for 

both bovine and human erythnxyte dismutases, and the constancy of this value has been shown 

over the range of pH 4.8 - 9.5 for the bovine enzyme and pH 5.7 - 10.5 for the human enzyme 

(Klug et al., 1972; Rotilio et al., 1972; Bannister et al., 1973). Studies indicate that the rate of 

the enzyme catalyzed reaction is diffusion limited (Rotilio et al., 1972; Fielden et al., 1974). 

From monitoring at a wavelength near the absorbance maximum of the enzyme-bound copper, 

it is possible to measure (1) the rate at which superoxide reduces the oxidized (i.e., "resting") 

enzyme to the cuprous form, and (2) the rate at which superoxide oxidizes the reduced enzyme 

(formed by treating resting enzyme with hydrogen peroxide) to the cupric state (Fielden et al., 

1974). X-ray absorption spectroscopy has established that the valence of ~ n ' ~  does not change 

during catalysis, and that on reduction, the valence of enzyme-bound copper changes from CU" 

to Cu"' (Blumberg et al., 1978). Both superoxide and the cupric form of superoxide dismutase 

are paramagnetic. 

The available evidence, obtained on bovine superoxide dismutase, supports a mechanism 

in which the superoxide anion displaces a water molecule from the inner coordination sphere of 

copper, prior to or d h g  electron transfer, in both the reduction and oxidation steps of 

dismutation (Steinman, 1982). 

Copper is essential for activity; all metal replacements of it have rendered the enzyme 

totally inactive and reversible removal of copper has been associated with reversible loss of 

activity (McCord and Fiidovich, 1969). Zinc, on the other hand, is dispensable. Thus, copper- 



containing proteins, in which zinc has been replaced by divalent mercury, cobalt, or cadmium, 

have activities identical or nearly identical (70% to 90%) to that of the native copper-zinc protein 

(Beem et al., 1974). It appears that the zinc ions role is to maintain the stability of the enzyme. 

Enzymatic Generation of Superoxide 

Of the many enzymes which generate superoxide radicals during enzymatic activity, only 

a few are of practical use for the study of superoxide. These are the oxidoreductases which 

generate free superoxide, which can diffuse from the point of origin (active site) into the bulk 

of the solution for further reaction. One of the proven enzymes to generate free superoxide is 

xanthine oxidase (xanthine: oxygen oxidoreductase 1.2.3.2) (Fridovich, 1970; Olson, 1974a; 

Olson, 1974b). Presently, it is the most frequently used enzyme because of its commercial 

availability in relatively pure form. 

Xanthine oxidase is a very complex enzyme which contains 2 moles of flavin adenine 

dinucleotide (FAD), 8 moles of iron, 2 moles of molybdenum, and labile sulfide groups (Allen 

and Bielski, 1982). Its catalytic specificity is low both with respect to substrate oxidation 

(hypoxanthine, xanthine, pyrimidines, aldehydes, pterins, reduced nicotinarnide adenine 

dinucleotide (KADH), etc.) and electron acceptors (oxygen, ferricyanide, artificial dyes) (Allen 

and Bielski, 1982). Although this is one of the most extensively studied enzymes, how it 

transfers electrons from donor to acceptor is not yet well understood. 

In the standard laboratory method (Eridovich, 1970) for superoxide radical generation, the 

preferred substrates are either xanthine or acetaldehyde, which are oxidized to uric acid and acetic 

acid, respectively. In the enzymatic process, reduced xanthine oxidase loses electrons by two 



different pathways, a univalent reaction yielding superoxide (eq'n 4) and a divalent reaction 

which leads directly to hydrogen peroxide formahon (eq'n 5)  (Allen and Bielski, 1982). 

(eq'n 4) Enzyme-H2 + 20; --s Enzyme + 2H' + 2% 

(eq7n 5)  Enryme-H2 + 0: --> Enzyme + H202 

The percentage yield of the superoxide radical in his  system has been found to vary from 20% 

to 100% depending upon pH, oxygen concentration, and the turnover rate of the enzyme. In 

genenil, ri4sing tfre pH and oxygen comeni~ahn or lowering the turnover rate favors the reaction 

ilLustrated in eq'n 4 (Allen and Bielsld, 1982). 

Although the xanttzine oxidase system is a very useful source of superoxide radicals for 

steady-state studies, great caution should be employed in its use. The presence of hydrogen 

peroxide and inherent small amounts of metallic impurities in such enzyme systems can easily 

lead to Fenton-type (Fe+2 + H,O, --> Fe+3 + OH' + OH') reactions and; therefore, to 

misinterpretation of observed results. 

Superoxide dismutases are unique in that their substrate is an unstable free radical. 

Because the enzyme substrati, arid the products are unstable, it is difficult to measure the 

disappearance of substrate or the f e u n  of products as is usual in enzymatic assays. It is not 

possible to use the normal routine of preparing a stable stock solution of the substrate and then 

mmitmkig the iicceLmhoil a2 i s  emversio~ to @ad by the enzyme. Tkus, i~ is necessary to 

devise srategies to circurmrent the instability of the su-bstrate radical fcnr assaying the activity of 

superoxide dismutase. Rmdne assays for superoxide dismuatase usually employ an indirect 

34 



assay. The most frequently used method for measuring superuxide disrnutase activity utilizes the 

xanthinefxanthine oxidase reaction f a  superoxide generation and reduction of cytochme c or 

ninoblue te~azolium for superoxide derection- 

Xanthine Oxide-Cytothrome C Assay 

Xanthine oxidase reduces molecular oxygen to hydrogen peroxide. The precursor of the 

2e reduced form of molecular oxygen (is. ,  hydrogen peroxide) is the le- reduced form (i.e., the 

superoxide radical). Xanthine oxidase can reduce cytochrom C, but only in the presence of 

superoxide. Molecular oxygen and cyrochrome C could normally be thought of as competing 

elemon acceptors, so an oxygen requirement for cytxhrome C is very peculiar. Hydrogen 

peroxide is not responsible fm the reduction of cytochrome C by the aerobic xanthine oxidase 

reaction, rather the le- reduced form of oxygen is. Superoxide dismutase is a thennolabile 

inhibitor of cytochrome c reduction, which can compete with cytochrome C for the flux of 

Cytwtrrome C does not bind to mnthine oxidase. Instead, it is reduced in free solution by 

superoxide rekased by xanthine oxidax. Superoxide dismutase operates by intercepting 

superoxide in free solutim7 failitating the dismutation of superr,xide. The inhibirion of the 

reduction of cytochrane C during the xanthine oxidase reaction has proved to be a convenient 

assay fix superoxide diunuta~e~ One unit of sugeroxide &smutase activity has artrimdy been 



defined as that: aimmt: which MUSS 50% inhibition of the -thine oxidase system under 

!jpxifid e o ~ t i o n s .  

i;tilization of Erythrocytes to Determine CuZnSOD Levels 

Eryhwytes have many c h M s t i c s  which make them advantageous for studying 

CLaZoSOD levels and the degree of o x i w v e  stress in an organism. 

f ince he mztin fm&m of red b M  cells is to transfer oxygen to tissues, it is exposed 

to high uxidative srress levels. Eqahmye  membranes are characterized by a high content of 

p1ymsanar;tted fatty acids. The extent of lipid -peroxidation in erythmcytes exhibits an age- 

inidates numenws irreversible damage. For exampie, a major by-product of lipid peroxidation, 

eaLled dondialdehyde, accum- and causes changes in the activity of adenylate cyclase and 

pmein kinase [Pfeffer and Sislocki, 1976), disnxbances in aminaphospholipid organization in 

rlre m~mbrane bilayer (Jain, 1984), and alterations in the hncdm and stability of hemoglobin 

(Kikugdawa et d., 1984)- The degree of oxidative stress is readily determined by measuring 

malondiaI.&hyde content (Joswiak and Jasnowska, 1985). 

FtrrtfremKne, tfnoughmt the life span of erythrocytes, no detectable protein turnover 

Thus, erydmrcytes d e r  a good model for the study of free radical-induced damage as 



In addition, red blood cells only contain CuZnSOD; thus, contamination with MnSOD is 

not a problem. The C f i S O D  in erythrocytes provides protection against the oxidation of 

hemoglobin, peroxidation of membrane lipids, and superoxide induced hemolysis. 

Finally, CuZnSOD is abundant in red b l d  cells (Winterboum et al., 1975). 

Experimental Studies Investigating CuZnSOD Activity in Alzheimer's 

Disease Patients 

The literature contains conflicting reports as to what changes, if any, are occurring in 

ClaZnSOD activity in Alzheimer's disease patients compared to neurologically healthy aged 

adults. Not only are the results of different studies sometimes conflicting, but also they are 

sometimes difficult to interpret. These conflicting results are likely due to differences in the 

populatims studied, age and sex of the subjects, age classifications, methods of sampling, sample 

size, the way samples are prepared, assay methods, conditions of the assay, and definition or 

representation of activity (Abe et al., 1989). 

Perrin et a!. (1990) assayed CuZnSOD in erythrocytes obtained from 25 institutionalized 

patients with Alzheimer's disease (20 females and 5 males; aged 74-98 years; mean age = 87.9 

+ 6.8 years), 25 age-matched institutionalized patients showing no neurological symptoms (22 - 
females and 3 males; aged 74-98 years; mean age = 88.4 2 7.1 years), and a reference group 

fomed by 41 supposedly healthy men and women (aged 49-63 years; mean age = 54.7 2 3.6 

yem).  Tirey foud &a Cti2kSOD zcriviy measured in the er;.phroc:ytes of the elderly was 

O ~ x m x d  if mq& XI h e  j im~ger  rzfr~nce group, while a sipii7cant elevaeion was observed 

in erythrocyte CuZnSOD activity in the Alzheimer's disease patients compared to the non- 



Alzheimer's disease patients. However, SOD activity was expressed as units per hemoglobin 

(Hb) content of the hemolysates. Yet it has been demonstribtal that hemglobin levels themselves 

are not constant, but vary with respect to age. It has been observed that cell volume and cell 

hemoglobin concentration decrease with both increased cell age and animal age (Abraham et al., 

1978). Most researchers tend to express their data in units per gram hemoglobin or in units per 

volume of packed or suspended cells, and in doing so, they are referencing their measurements 

to parameters which are not constant with either donor or cell age. 

Also, Thienhaus et al. (1986) measured CuZnSOD activity in skin fibroblasts from a 53- 

year-old male patient with familial Alzheimer's disease (his pedigree contained multiple cases 

of diagnosed Alzheimer's disease) and compared the enzyme activity to a 14-year-old female 

Down's syndrome patient and a normal, healthy 55-year-old man who served as a control. SOD 

activity was measured in units per protein content in the assay tube. These investigators found 

that the CuZnSOD activity was significantly higher in fibroblasts obtained from the Alzheimer's 

disease patient compared to that observed in n o d  euploid fibroblasts. Nevertheless, it is 

difficult to extrapolate from these results since such a small sample size (i-e., 3 subjects) was 

used which could conceivably bias the results. 

Similarly, Z d a n  et al. (1988) employed fibroblast cell lines derived from 8 familial 

Alzheimer's disease patients (5 females and 3 d e s ;  mean age = 60.6 + 8.7 years), 12 normal 

individuals (7 females and 5 males; mean age = 62.2 + 11.0 years), and 3 msomy 21 patients 

(a 13-year-old girl, a 14-year-old girl, and a 37-year-old woman). CuZnSOD activity was 

measured in international units per million cells (a Coulter counter was used to count cells). 

These researchers found a signiscant 30% enhancement in CuZnSOD activity in Alzheimer's 



disease patients when compared to normal controls. The Down's syndrome patients showed an 

even more dramatic 42% increase in CuZnSOD activity when compared to the controls. This 

value was clearly significantly greater than that observed in the Alzheimer's disease patients. 

On the other hand, Zubenko et al. (1989), in an extensive study, examined red blood cell 

SOD activity in 20 probable Alzheimer's disease patients (10 females and 10 males; mean age 

= 71.5 + 6.8 years), 20 neurologically healthy age- and gender-matched controls (10 females and 

10 males; 67.6 2 5.8 years), and 20 healthy young controls (10 females and 10 males; mean age 

= 26.1 2 4.5 years). These investigators reported CuZnSOD activity in units per gram 

hemoglobin content in the blood samples. As already mentioned, this weakens the significance 

of the findings since hemoglobin levels change with age and; therefore, may confound any 

alterations occurring in SOD activity when SOD activity is referenced with respect to hemoglobin 

content. The results of the study indicated a modest, but statistically significant age-related 

increase in enzyme activity in women only, while a modest, statistically significant gender 

difference was observed in the elderly control group where the elderly females exhibited higher 

CuZnSOD activity. The researchers suggested that the apparent sex difference in the relationship 

of age and red blood cell superoxide dismutase activity may be due to the fact that the younger 

group was pre-menopausal whereas the older group was post-menopausal. In addition, the 

investigators found no significant alteration in red blood cell CuZnSOD activity between 

Alzheimer's disease patients md the age-matched control subjects. 

Funhemre, Sulkava et d. (1986) examined CuZnSOD activity in four patients with non- 

familial Alzheimer's disease (3 females and 1 male; age range 58-74 years; mean age = 69.0 + 

7.4 years, 4 patients with multi-infarct dementia (3 females and 1 male; age range 57-83 years; 



mean age = 72.2 t 11.0 years), 1 Huntington's disease patient (female; 33-years-old), and one 

patient with 'riakola-Nasu ~~e (female; 44-years-016). Conid 51md samples were obtained 

from healthy medical staff members (3 females and 2 males, age range 48-64 years; mean age 

= 54.8 + 7.9 years). CuZnSOD activity was reported in units per gram hemoglobin. The results 

of this study revealed no significant differences in erythrocyte SOD activity in the 10 patients 

with different types of dementia and in the controls. The SOD activity, however, showed an age- 

related decline in the control subjects. Among the demented patients, there was no correlation 

between enzyme activity and age. A problem with this study is that the researchers examined 

only a small series of patients; therefore, chance may be affecting the results. In addition, age- 

matched controls were not used which may influence the findings. Alzheimer's disease patients 

and multi-infarct patients were on average 15-18 years older than the controls. 

A Final Word 

Elucidation of the role of free radicals in pathogenesis of Alzheimer's disease might open 
- 

new areas for development of prevention measures and/or treatment strategies. Preventive 

measures might be especially useful because there is an indication that, at least in some patients, 

there is a long subclinical phase of disease development (Tarvik, 1988). This approach, however, 

requires availability of a method by which individuals at risk for Alzheimer's disease, or at a 

subciinicai stage of Alzheimer's disease, would be identified. 



EXPERIMENTAL AIM AND DESIGN 

HYPOTHESIS 

A review of the literature indicates that theoretically, a relative excess or deficit of 

uZnSOD activity could be physiologically deleterious to individuals as either situation promotes 

the formation of hydroxyl radicals and leads to unscheduled oxidations of biological material. 

Thus, it was hypothesized &at Alzheimer's disease patients will have significantly altered 

CdZnSOD activities in their red blood cells compared to age-matched neurologically healthy 

elderly controls. 

PURPOSE 

To investigate whether or not there are alterations in CuZnSOD activity levels in the red 

blood cells of Alzheimer's disease patients compared to neurologically healthy age-matched 

controls. 

METHODS 

Red blood cell CuZnSOD total activity, extract protein concentration, and hemoglobin 

levels were determined from Alzheimer's disease patients and age-matched neu~ologically healthy 

ccznmls- Also, a measure of the energy of activation of CuZnSOD was determined by using the 

Arrhenius equation. CuZnSOD activity was r c p d  as units of activi~ per gram of hemgobin, 

per nf total pmtteinl 2nd p r  miI!ilita of packed red b~~ ceh so &at -paisori eim Se 

made with literature values. 



Subjects 

AIzheimer patient's b b d  was obtained form the Alzheimer's clinic at the University of 

British Columbia Hospital. Blood from old neurologically healthy controls was collected from 

volunteers. Written informed consent was provided by all subjects before enny into the study. 

The Alzheimer's disease group met currently accepted clinical criteria for probable Alzheimer's 

disease. The Alzheimer's patients group consisted of 28 subjects (14 males; 14 females), with 

a mean age of 74.4 + 7.8 years and an age range of 60.0 - 97.0 years. The control subjects 

group was comprised of 31 individuals (22 males; 9 females), with a mean age of 72.1 2 8.4 

years, and an age range of 60.7 - 86.8 years. 

Btaud Samples 

A course was taken to learn how to withdraw and collect blood. 

7.5 mL whole blood samples were collected in heparhized tubes by venipuncture to the 

antecubitaJ vein in subjects. 

Preparation of CuZnSOD Extratt 

(1) 2 mL of heparinized b l d  was centrifuged at 3000 rpm (1086 g) for 10 minutes 

at 0-42 in a SS-34 Sorval centrifuge. 

(2) Plstsma was carefuify sepacated and tbe top buffy c a t  was removed and discarded. 

(3) 0.5 mL of e q a h q a a  was carefully removed from the bottom of the centrifuge 

tube and lysed with 4.5 mL of ice cold water. 



(4) Hemoglobin and Mn-SOD in the plasma and serum was removed by adding 3 mL 

of chloroform and 5 mL of ethanol according to the Tsuchihashi method. 

This step is critical as hemoglobin (Hb) interferes with the SOD assay by 

counteracting the inhibitory effect of SOD on cytochrome C reduction. 

(5) The contents of the centrifuge tube were vigorously vortex-mixed for at least one 

minute and a thick white precipitate accumulated. 

(6) The mixture was centrifuged at 12 000 rpm (-18 000 g) for 60 minutes at 0-42. 

(7) The almost clear supernatant was diluted by a factor of 100 (This large dilution 

precluded the necessity for dialysis to remove low MW substances). 

(8) Volumes ranging from 0 to 480 uL of the diluted solution were used to assay for 

CuZnSOD activity. 

Superoxide Dismutase Assay 

The L' Abbe and Fischer method (a xanthine/xanthine oxidaselcytochrome C indirect assay 

of SOD; a modification of the -McCord and Fridovich method, 1969) was used to assay 

C a S O D  activity with minor alterations. The pH was increased from pH 7.8 to pH 10.0 since 

ttre assay for CuZnSOD is approximately 17 times more sensitive at this higher pH &'Abbe and 

Fischter, 1986). Fmhennore, the MnSOD, which is inhibited at this pH, does not interfere with 

the assay when it is p e r f d  at this pH &'Abbe and Fischer, 1986). The samples were 

exmexi  with chIoroform and e m  since it removes the hemoglobin and destroys the MnSOD, 

but Ieaves the CuZnSOD activity intact @'Abbe and Fisher, 1986). The reduction of 



cytochrome C was measured at the more sensitive 415 nm wavelength compared to the 550 nm 

wavelength used in most assays. 

Materials Used in Assav of CuZnSOD: 

Reagents: 

* sodium carbonate buffer 

* ferricytochrome C (type VI from horse heart, SIGMA) 

* xanthine oxidase (xanthine: oxygen oxidoreductase, Grade I from buttermilk, SIGMA) 

Note: 20 uL of xanthine oxidase was added to the cuvette during the assay 

*CuZnSOD (SIGMA) 

Stock Solutions: 

* 20 mM sodium carbonate buffer, pH 10.0 containing 0.1 mM EDTA 

* 500 uM femcytochrome C (note: this is light sensitive and must be stored 

refrigerated in the dark by covering with foil). 

* 1.0 mM xanthine 

Rea~ent Mixhrre: 

* 93 mL sodium carbunate buffer 

* 2 mL Cy€ochrome C solution 

* 5 id xanthine solution 

Note: This mixture is sable for several weeks when kept in the refrigerator. Since 

it conmins cytochnane C, it must be covered with foil to prevent light penetration. 



SOD Curve: 

A llpercentage inhibition versus l/uL SOD extract curve was plotted for each subject. 

Superoxide is generated by the following reaction: 

xanthine + 2 4 + H20 --> uric acid + 2 0: + 2 H' 

This reaction was monitored at 415 nm on a Hewlen Packard spectrophotometer as an increase 

in absorbance due to the reduction of cytochrome C. 
- 

SOD, which catalyzes the dismutation of superoxide (20; --> H202 + Oz), inhibits the 

inhibits the reduction of cytochrome C. 

Percentage Inhibition: 

Percentage inhibition = (control rate-sample rate)/control rate X 100% 

Unit SOD Activity: 

One unit of SOD activity was defined as the amount of enzyme which inhibits the rate 

of cytochrome C reduction by 50% under the conditions specified for a particular system in 1 

mL reaction volume. 

Therefore, the equation 

I =  Km -1 - 1 + - 
1 %I max [SOD] %I max 

where 8 1  = 50% 



can be used to calculate one unit of activity in the cuvette. 

Activity Calculation: Units SODlmL packed FU3Cs = (1000 uL)/(uL/unit) x 1000 where 

multiplying by 1000 S corrects for the dilution in the cuvette and multiplying by 1000 corrects 

for the dilution of the extract to the red blood cell. 

Protein Determination 

Total protein in the SOD extracts was determined by two Werent methods: (1) the Lowry 

method (Lowry et al., 1951); (2) the Bradford method (Bradford, 1976). 

The Drabkin method for hemoglobin determination was performed on the blood samples 

(Drabkin and Austin, 1935). 

SDS Gel Electrophoresis 

Samples of the SOD extract were analyzed by polyacrylamide gel electrophoresis. SDS 

slab mini-gels were run in 5% acrylamide. Shortly after the gels were developed, the pattern of 

bands was sketched. Two lanes containing standards: glycogen phosphorylase (100 kDa), serum 

albumin (67 kDa), and superoxide dismutase (16 kDa) were used. Distance of migration of the 

known bands were plotted versus log molecular weight. From this curve, molecular weight 

values for the unknown proteins surviving the chlorofodethanol extraction procedure were 

estimated- 



Enzyme Kinetic Analysis 

A graph of -percent inhibition versus uL of CuZnSOD gives a hyperbolic curve. However, 

transforming this plot into a plot of lfpercent inhibition versus IfuL of CuZnSOD gives a linear 

curve which is analogous to the Lineweaver-Burke equation. Also, the parameters obtained are 

similar to the Lineweaver-Burke parameters. 

%I = %I max fSOD1 is analogous to v = Vm rS1 
Km + [SOD) Km + Is] 

1 = Kin . I + 1 is analogous to I = &JI. 1 + 1 - 
% I  %Imax [SOD] 81max v Vm [S] Vm 

where %I max = 100% inhibition. 

The slope of this graph is equal to Km which is analogous to &Q = Km . 
% I m a x  Vm kcat Et 

Therefore, I /slope approximately equals kcat Et, 
Km 

where kcat = a physical property of the enzyme 

Et = amount of enzyme present (a reflection of rate of enzyme synthesis and/or 
degradation) 

Km = concentration of substrate which gives half maximal velocity 

= concen~ation of SOD which gives 50% inhibition of the xanthine oxidase reaction 

= 1 unit of SOD activity 

I/slope = relative SOD activity 

Note: An increase in kcat and/or Et will both increase the llslope value. 

'be aEecteb by changes in kcat, Et, W o r  differences in the amount of total protein surviving in 

the extracts. 



Arrhenius Plot 

Arrhenius Equation: In kcat = - Ea + In A = - Ea -1 + In A 
RT W T 

This is qualitatively the same as ln % I = - Ea' -1 + log A 
T 

where % I is a function of kcat (the rate constant). 

Note: Cytochrome C and CuZnSOD compete for capture of the superoxide radical at an 

increased rate as a function of temperature. Therefore, the assay actually measures the relative 

ability of control subject's CuZnSOD and Alzheimer's disease patient's CuZnSOD to compete 

with cytochrome C. Since the cytochrome C used was the same in all subjects, any factors 

which cause cytochrome C rates to increase will be the same in the controls and the Alzheimer's 

disease subjects. Because this method is a modification of the classical Arrhenius plot, it is not 

possible to calculate activation energy (Ea) in kcallmole. Nevertheless, the assay qualitatively 

refiects any changes in Ea or kc-, which can result from any modification of the physical 

ppenies  and catalytic efficiency of the enzyme. 

The SAS Statistical Program was utilized to perform an ANOVA (analysis of variance) 

in order to demmhe whether &ere were statistical differences ( ~ 4 . 0 5 )  in mean values for (kcat 

E-)', hemoglobin level, extract Lowry protein, extract Bradford protein, and Arrhenius slope 

between the subject groups. Also a regression analysis was performed to derive an equation 

which related (kcat Et/&n)' as a funcrion of o&er influencing factors. Means and standard 

deviations were calculated for dl experimental parameters. Afso, the slope of the double 



reciprocal plot of 11% 1 versus l/uL SOD graph was calculated two different ways. First, by 

simply plotting the data points and determining the best fit line. Second, by setting the y- 

intercept at 0.01 and then determining the slope of the best fit line- The second method removes 

the maximal value of %I as an unknown and replaces it with the known value of 100%. 

Standard deviations on the slope and y-intercept values were calculated for enzyme kinetic data 

using the SAS statistical package. The corrected values showed a strong agreement with values 

obtained from the original double reciprocal plot when the y-inrercept was not forced. Thus, in 

all calculations, comparisons, and plots, the raw value for slope was used. 

REWZTS 

Blood specimens from Alzheimer's patients and nemiogically healthy, age-matched 

controls were analyzed in this Stltdy- A comparison of the ages of rfte Alzheimer's patients and 

the control subjects revealed that there was no significant d i R m  between the ages of these 

two subject groups (Figure I). Thus, any changes observed bemeen tfre two subject populations 

were not a result of differences in tire ages of these groups. CuZnSOD activities were compared 

between males and fkmakg however, no significant Merences were elucidated based on the sex 

of rhe subjects. 

Tfie blood samples from each parienr were exuacted in cfrl~~formlethanol using the 

LVcCcmZ and Fridovich method (1969) arid CuZnSOD was rnemmd by the L'Abbe and Fischer 

merfKd (1986). The SOD chbmfWetiraaoi exnacrs were used ro measure relarive SOD 

mitfify, ttre total v i a  surviving the c h f o r o f d h c d  e x m a i m  as determined by b e  Lowry 

method and Brartfd merhod, and the wMve energy of itcdvatian (Ed). Table 1 shows a 



summary of data of all e x p r i m e d  par;Unera obtained for each subject. Volumes ranging 

&om 0 ro 480 rrt of cMorofOnnfetbnd extract were used to assay S O D  activiry via an indirect 

method using an inhibition reacdon where the CuZnSOD enzyme competitively inhibits the 

&action of qtochrome C by &e superoxide radical. A pbt of (I/% inhibition) versus (l/uL 

from the aqueous phase of rhe chlmform/ethanoi extract) was graphed and its slope provided 

a value which is a refidon of SOD advity. A summary of the graphs obtained for the 

A-'s patients (Figwe 2) and fca the mnmf subjects (Figure 3) is presented. Tfie inverse 

of this slope is p r o ~ o n d  ro (kcai E W ) ' .  This value (kcat EtlKm)' was plotted against 

various parameters including: protein Surviving the cMorofOnrJethan01 ex- as determined by 

&e Lowry method and die Bradford method, and I>rabkin hemoglobin values. Table 2 contains 

a s- of all of the slopes as weU as the slopes corrected for the y-intercept for all of the 

~~. In adcjitim, standard d m i a h  of the slopes and the y-inmxpts are also given (Table 

2)- 

A bar graph (Figure 4) of relative superoxide dismurase activities (kcat EtlKm)' in 

e q a h x p  extracts iiom Alzheimer's-parients and control subjects gave a mean value of 1.05 

+ 0142 fix ttre Alzheimer's parients ;md 0-48 + 022 for h e  conid subjectssubjects This figure indicates - 
&at the A k h e h d s  patients bad sipitkmrly more  xima ma rely twice) the CuZatSOD activity 

in ftieir eqahmcyres campan& m the mml subjects (p<O.OS). 

T d  SOD &viv tie,, Units SOD aaidy&L packed red bkmd cells) in the blood was 

tddated from the valtte af (LEat E@b)" by multiplying this value be 10 000, which takes into 

~ G C O M ~  the dilurion &am from the red blood a&. Thus, the mlatiw between h e  two 

udws should be perfka. A plat of SOD acdvity (in UnidmL padced RBCs) against relative 



SOD activity (kcat Et/Km)' gives the expected perfect correlation (r = 1.0) for these two 

parameters (since they differ by a constant -- the dilution factor to the blood) for both the 

Alzheimer's patients (Figure 5) and the control subjects (Figure 6). Therefore, relative SOD 

activity (kcat EtIKm)' is directly proportional to activity given in Units SOD/mL packed red 

blood cells and it can be substituted for (kcat EtKm)'. These two values can be used 

interchangeably. Any relationship which exists for one will hold for the other with respect to 

other variables. 

A bar graph of SOL) activity (UnidmL packed red blood cells) from Alzheimer's patients 

and control subjects gave a r;lean magnitude of 10 798 and 4 881, respectively (Figure 7). Thus, 

on average, the Alzheimer's patients have approximately twice the CuZnSOD activity present in 

the age-matched controls. 

The graph of relative SOD activity (kcat E W ) '  in the extracts from subjects versus tu-A 

protein surviving the chloroform/ethanol extraction as r n e a s i  by the Lowry method is a linear 

relationship and shows a positive correlation for both subject groups. The magnitude of the slope 

of this graph is 0.77 fr = 0.84) for the Alzheimer's patients (Figure 8A) compared to the slope 

of 0.085 (r = 0.85) for the age-matched, neurologically healthy controls (Figure 8B). The 

Alzheimer's patients, thus, have a slope for this graph which is approximately ten times steeper 

&an the old healthy contruls. This finding shows that (kcat Et/Ih)'/Lowry protein is 

significantly higher for rhe Alzheimer's patients compared to the controls. A plot of relative 

SOD activity (kcat E W ) "  v a u s  extract Lowry protein (ug/mL) was made showing the results 

for bth Alzfreimer's patients and control subjects on the same graph (Figure 9) to better show 

the differences between rhese p u p s .  



Similarly, a plot of the relationship between relative SOD activity in the red blood cell 

extract from the Alzheimer's patients and controi subjects compared to the amount of total 

protein surviving the chloroform/etha.nol extraction procedure as determined by the Bradford 

method gave a linear graph with a positive correlation for the Alzheimer's patients (Figure 10) 

and the control subjects (Figure 11). The best-fit curve through the data points gives a slope of 

0.84 (r = 0.82) for the Alzheimer's patients (figure 10) and a slope of 0.084 (r = 0.81) for the 

control subjects (figure 11). These results also indicate that the ratio (kcat Et/Km)'/protein in 

the chlorof~ethanol extracts is significantly greater for the A1zhein:er-s patients compared to 

the controls. 

The relation of relahve SOD activity (kcat Et/Km)' per extract Lowry protein in 

Alzheimer's patients and control subjects was graphed (Figure 12). The Alzheimer's patients had 

a value of 0.857 for this parameter compared to 0.096 in the control subjects. This graph reveals 

that the value of the ratio of &cat Et/Km)'/extract Lowry protein in the Alzheimer's patients is 

approximately ten times higher than that obtained for the control subjects. 

Another bar graph demonstrating the relationship between relative SOD activity (kcat 

Et/Km)' per extract Bradford protein in Alzheimer's patients and control subjects was also made 

(Figure 13). The Alzheimer's patients had a value of 1.10 for this ratio while the control subjects 

had a vaiue of 9.90 for this same ratio. The interpretation for this graph is the same as that for 

the Lowry graph described above. SOD activity is proportional to the protein content in the 

aqlfeous phase of the chlOrOform/ethanol extracts within each p u p .  This is expected since the 

relative efficiency ~f &e SOB p~fidm sb1dd be proportioad ?o the p~mIficarion of hose 

propehs capable of surviving the chldorm/ethanol extraction pra:edure (Eridovich, personal 



communications). 

A bar graph (Figure 14) of the relative amounts of L o q  protein surviving the 

chlorofonn/ethanol extraction of erythrocytes indicates that the Alzheimer's patients had 1.22 2 

0.46 ug/mL of protein in the extract while the control subjects had 5.34 + 2.49 ug/mL of protein 

in the extract. A bar plot (Figure 15) of the relative mounts of Bradford protein surviving the 

chlorofonn/ethanol extraction of erythrocytes from Alzheimer's patients had 1.10 + 0.41 uglrnL 

of protein in their extracts; the conuols had 4.62 + 2.26 ug/mL of protein in their extracts. 

Therefore, blood samples from the Alzheimer's patients compared to blood specimens from the 

control subjects show a significant difference (pc0.05) in the ability of their proteins to survive 

the harsh chloroform/ethanol treatment. It appears that the Alzheimer's patients have 

approximately 4-5 times less the amount of total protein surviving &e chloroforrn/ethanol 

extraction compared to the age-matched controls. 

A comparison between the values estimated for protein in the chloroform/ethanol extract 

of red blood cells obtained by the Bradford prorein determination mthod versus the LOwy 

protein determination method was conducted (Figure 16). The equation for the best-fit curve 

through these data points is y = 4-01 1 + 0 .88~  (r = 0.99). Thus, there was a very good 

comIation between the Lowry method and the Bradford method for determining the protein 

concentration in the extracts .from the subjects; however, Bradford values were consistently lower 

(approximately 88% of the Lowry values) than protein measurements obtained using the Low-ry 

method. The Lowry method has been documented to pick up glutathione in the preparations as 

it is sensitive to reducing agents such as cysteine. The Bradford method cannot measure small 

peptides. 



A plot of Units SOD activity/mL packed red blood cells versus extract Lowry protein was 

graphed for each subject class. The graph was linear, with a positive correlation, for both 

Alzheimer's patients (Figure 17) and control subjects (Figure 18). The line delineating the 

relationship between these two variables is y = 992 + 7 671x (r = 0.84) for the Alzheimer's 

patients (Figure 17) and y = 775 + 760x (r = 0.85) for the control subjects (Figure 18). This 

shows that the slopes are about ten times higher in the Alzheimer's patients compared to the 

control subjects. 

A similar plot of Units SOD activitylmL packed red blood cells versus the extract proteins 

detected by the Bradford protein determination method was also made. The function defining 

this graph is y = 1130 + 8 44% (r = 0.82) for the Alzheimer's patients (Figure 19) and y = 1284 

+ 754x (r = 0.78) for the control subjects (Figure 20). Thus, the ratio of Units SODfmL packed 

red Mood cells to total protein contained in the chloroform/ethanol extract is much greater for 

the Alzheimer's patients compared to the control subjects. 

Results from the SDS-PAGE mini-slab gel (Figure 21) reveals four bands appearing in 

the lanes which contain chloroform/ethanol extract from the Alzheimer's patients and the control 

subjects. These bands have been tentatively assigned as glutathione reductase (62 ma), catalase 

(54 ma), CuZnSOD and hemoglobin (16 ki)a), and calmodulin (14 kDa). Therefore, the 

chlorofOnnlethanol purification pmcdure removed most of the red blood cell proteins as only 

five proteins were detected on the gel. Onfy very hardy proteins can survive this extraction 

p e d u r e .  The relative intensity of die 54 kDa band to the 16 kDa band was considerably lower 

in dre Alzheimer's patients cxmpared to the control subjects. 

A graph of SOD uIlits(mL packed red blood cells as a function of hemoglobin content in 



the Alzheimer's patients (Figure 22) and the control subjects (Figure 23) revealed a scatter plot 

for both the Alzheimer's patients (y = 15 259 - 321x; r = 0.14) and controls (y = 5 755 - 55x; 

r = 0.05). Note, the computer program used draws a line to best-fit the data points; nevertheless, 

the r value is very low indicating that no correlation exists. Thus, no correlation exists between 

SOD activity and hemoglobin content. A bar plot of hemoglobin levels determined by the 

Drabkin method in erythrocytes from Alzheimer's patients and control subjects (Figure 24) gave 

values of 15.4 + 2.5 and 16.0 + 2.2, respectively. No significant difference exists between 

hemoglobin levels in the Alzheimer's patients compared to the control subjects. 

A graph of Units of SOD/mL packed red blood cellslg of hemoglobin was plotted as a 

function of extracted Lowry protein for both the Alzheimer's patients (Figure 25) and the control 

subjects (Figure 26). The linear equation fitting this graph is y = 50 + 541x (r = 0.75) for the 

Alzheimer's patients and y = 62 + 46x (r = 0-77) for the control subjects. The differences 

observed in the slops of these two graphs is a reflection of differences in both the SOD 

activities between the two subject groups as well as differences in the ability of proteins from 

the two subject classes to withstand the chloroformlethano1 extraction procedure. 

A graph of Units of SOD activity/mL packed red blood celldg of hemoglobin as a 

function of extracted Bradford protein was aiso plotted for Alzheimer's patients (Figure 27) and 

c m d  subjects (Figure 28). The line defining this function is y = 104 + 540x (r = 0.74) for the 

Alzheimer's patients and y = 97 + 35x (r = 0.69) for the control subjects. The interpretation of 

ttris graph is similar to that given for the graph described above. 

Units SOD d v i ~  per mf, packed feb b i d  cells per gram of hemoglobin in erythrocytes 

from AItheimer's patients and conml subjects was expressed as a bar graph (Figure 29) and 



gave a value of 702 unitslmL packed red blood cells/g Hb for the Alzheimer's patients compared 

to 311 UnitshL packed red blood cells/g Hb in the controls. This graph demonstrates that 

Alzheimer's patients have approximately twice the amount of units of SOD activity per mL red 

blood cells per gram of hemoglobin compared to the control subjm. 

In addition, a bar graph of the relative Arrhenius (Temp.) slopes (derived from a graph 

of In % inhibition versus lKemper%nue) for SOD in Alzheimer's patients and control subjects 

was plotted against the subj- classes (Figure 30). The magnitude of this value for the 

Alzheimer's patients was -21596 + 4731.4 and for the control subjects it was -451.5 5 1173.3. 

Statistical analysis revealed that a 9096 probability exists (p4.1) for signif'icant differences in 

the means of the relative kmhenius slopes between the Alzheimer's patients and the control 

subjects. Therefore, the Alzheimer's patient's SOD exhibited a higher energy of activation 

compared to the controls (since the Arrttenius slope = 431). 

A summary of the means and standard deviations for important experimental parameters 

used in this study is given for the Alzheimer's patients (Table 3) and the control subjects (Table 

4). Output from the SAS statistic;;tl program showing Pearson comlations for these parameters 

. . 
is exhibited in Table 5. A summtry of smasac;tl correlations (pd).05) which exist between the 

various experimental parameters are given for the Alzheimer's patients (Table 6) and for the 

wntrof subjects (Table 7). Output 6rom the SAS program which calculates variance in the 

experimental vdues between tfme subject crslsses is given in Table 8. A summary showing 

experimental parameters whose vmhce is smisically significant is indicated in Table 9. 







Table 1 Summary of Zxperirnental P a r a m e t e r s  (cont . ) 
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Table 3 Summary of simple statistics on 
Alzheimer's patient's experimental panmeten 

I Standard 
H Hem Deviation Sum Minimum Y a k  , 

l t s l o p e  ( k c a t ~ t / l ( m i  I 1 .05  

Age (years ) l  28 74.41 

LOW   UP/^) 

Bradford (ug/mt) 

Temp. S l o p e  

0.42 

7 .64  

24 .14  

2083.60 

23 0.47 I 1.23 I 28 .19  

26.37 

-49670. 50  

24 1 - 1 0  

23 -2159.60 

0.37 

60.00 

0 .41  

4731.42 

- 

2.05 

97.00 

0 . 5 3  

0 .44  

-21487.80 

2 .22  

1 .85  

1146.00 



Table 4 Summary of simple statistiu on 
control subject's experimental parameters 

1 Standard 1 
N Mean Deviation Sum Minimum Maximum 

l/slope (LCLLELIM~ 

Age (years) 

Hb (g/dL) 

Lowry (ug/rnL) 

Bradfcsd fug/mL) 

Tap. Slope 

28 1 0.48 I 0.22 I 13.30 I 0.24 I 1.14 

31 72.07 8.37 2234.20 60.70 86.a3 

30 15.96 

29 5.34 

27 I 4.63 

478.90 

154.80 

124.90 
* 

24 1 -451.50 4731.42 -10935.90 1 -3104.00 

2.19 

2.49 

2.27 

2005. 80 

12.52 

2.39 

1.84 

21.90 

11.21 

9.86 



ALZHEIMER'S PATIENTS 
The SAS System 1 

17:.27 Monday, August 15, 1994 

General Linear Models Procedure 

Munber of observations in data set = 28 

NOTE: Due to missing values, only 17 observations can be used in this 
malysis . 

The SAS System 2 
17:27 Monday, August 15, 1994 

General Linear Models Procedure 

mpendent Variable : INVSXOPE 

Source DF Surnof Squares F Value 

Model 5 2.04528634 5.61 

Error 11 0.80273460 

Corrected Total 16 2.84802094 

Source 

AGE 
E !  
L 
B 
XiWENIUs 

Source 

AGE 
:a 
L 
B 
E m s  

Parameter 

F'r > F 

0.0083 

C.V. INVSLOPE Mean 

Type I SS F Value Pr > F 

TVpe I 1  SS F Value P r > F  

T for HO: Pr > I T I  Std Error of 
Parameteso Estimate 



Correlation Emalysis 

6 'W' Variables: l2WSLL)PZ AGZ H 3  L B 
mms 

Sizqle Statistics 

Vari Ale N M e a n  Std Dev Sum 3 l!k&mm 

Pearson Correlation C - f f i c i e ~ t s  / mob > I R /  w.&x Eo: Rho=O 
/ Number of Gbservatiors 



CONTROL SZfBJECTS 
- _ TheSASSystem 1 

- 17:21 Monday, August 15, 1994 

Numbex of observati~ns in data set  = 3 1  

pjOTi:: Due to missing values, only 20 observations can be used in this 
analysis. 

The S&S System 2 
17:21 Monday, August 15, 1994 

source DF !3xn of wares F Value 

corrected Total 19 1.08138792 

Scarce DF Type I SS F Valce W > F  

Source EF Tlrpe III SS f Value & > F  



The SAS System 3 
17:21 Monday, August 15, 1994 

Correlation Analysis 

SLqie Statistics 

Pearso3 Correlation Coefficients J Pmb > i ~ /  under Ho: Rho=O 
/ Eumhr of Observations 



l/slopc (kcatEt/llsf Ape (years) Hb Ig/dL) Lawry fug/mL) Bradford (uglm~) Temp. slope 

0 ! ! I * ! I 

t 

I t t I 

*~artatisticalysigMcantprobabiiirytbtaawrrPition~betmcnthe 
m o ~ g r a r p s  @.o-01) 

W (s /d t )  t 

Lowry fug/nrL) - i i 0 I t 

Bradford i ~ / m L )  t 

Temp. Slope I 
t t I 

I 



Tabk 7 Summary of conefitloru present be twnn exptiimentll 
panmetem derhred from bbod of control subjects 



- The SAS Sys tan 16:20 Monday, 
August 15, 1994 . 1 

OBS AGE i.3 L B - INVSIQPE 
- 
-ARHENN 

S FLAG- 

Table 8 - Output from SAS m o  on analysis of variance between experimental pamqctcrs - 
: d&vd f@m blood d Alzbeima's patients and conml subjects 





55 82.00 
0 .  - - - 

56 84.00 
0 

57 84.00 
4 0 

58 85.88 
6 0 

59 86.83 
2 0 
^L 
y, August 15, 1994 2 

14.7225 3.5571 4.16550 0.54085 

12.5175 3.3300 2.06100 0.41334 - 

16.5525 2.3864 2.07850 0.24143 -2253.2 

13.9500 7.8252 -2151.4 

18.5175 3.8652 2.85150 0.27037 -3104.0 

The SAS System 16:20 Monda 

Analysis of Variance Procedure 
Class Level Information 

Class Levels Values 

FLAG 2 0 1  

Nmker of observations in data set = 59 

Group Obs Dependent Variables 

1 59 AGE 

2 55 HB 

3 52 L 

4 51 B 

5 51 INVSLOPE 

6 47 ARHENIUS 

NOTE: Variables in each group are consistent w i t h  respect to the presence or abs 
=ce of missing 

Values. 

fie SAS System 16:20 Monday, 
August IS, 1994 3 

Analysis of Variance Procedure 

Dependent Variable: AGE 

Source DF 
F Value P r > F  

Sum of w a r e s  

Error 57 3758.69259781 

Mean Square 

80.82223270 

65.94197540 

- 

Table 8 (continued) 



Corrected Totax 
A 

-58 

R-Square 
AGE Mean 

Source DF 
F Value Pr > F 

3839.51483951 

C.V. Root MSE 

8.12046645 

Mean Square 

80.82223270 

The SAS System 16:20 Monday, 
August 15, 1994 4 

Analysis of Variance Procedure 

T tests ('LSS) f o r  variable: AGE 

e not the 
NOTE: This test controls the type I camparisonwise error rat 

August 15, 1994 5 

experimentwise error rate. 

Alpha= 0.05 df= 57 MSE= 65.94198 
Critical Value of T= 2.00 

Least Significant Difference= 4.2395 
WARNIW: Cell sizes are not equal. 

Harmonic Mean of cell sizes= 29.42373 

&Teas &e same letter are not significantly different. 

T Grouping Mean N FLAG 

The SAS System 16:20 Monday, 

Analysis of Variance Procedure 

Sum of Squares 

4.88980081 

Mean Square 

4.88980081 



Cozrfxted Total 54 

R-Square 
E . 3  Mean 

source DF 
F Value P r > F  

The SAS System 

Root MSE 

2.23482848 

Mean Square 

4.88980081 

16:20 Monday, 

Analysis of Variance Procedure 

T tests (LSD) for variable: H8 

NOI'E: This test controls the type I c ~ i s o n w i s e  error rat 
e not the: - 

experktwise error rate. 

Al*= 0.05 df= 53 MSE= 4.994458 
Critical Value of T-- 2.01 

L e a s t  Significant Difference= 1.2139 
WARNING: Cell sizes are not equal. 

Harmonic Mean of cell sizes= 27.27273 

Means with the same letter are not significantly different. 

Hean N FLAG 

me SAS System 16:20 Monday, 
August 15, 1994 7 

Analysis of Variance Procedure 

Dependent Variable: L 

srrm of Squares Mean Square 



=or 5 0 

Corrected Total 5 1 

R- Square 
L Mean 

Source EP 
'i Value W > F  

August 15, 1994 8 

e not the 

178.40394452 

395.16051332 

C.V. Root MSE 

1.88893591 

Mean Square 

216.75656880 

%.e SAS System 16:20 Monday, 

Analysis of Variance Procedure 

T tests (LSD) for variable: L 

m: This test controls the type I comparisonwise error rat 

qrbentwise error rate. 

;ripPha= 0.05 df= 50 MSE= 3.568079 
Critical Value of T= 2.01 

Least Significant Difference= 1.0594 
Cell sizes are not equal. 

F m n i c  Mean of cell sizes= 25,65385 

14eans with the same letter are not significantly different. 

Analysis of Variance Procedure 

D e p r d e n t  Variable: B 



F Value Pr > F - . 
- 

Model I 
56.40 0.0001- 

=or 49 

Corrected Total 5 0 

R- Square 
B Mean 

Source DF 
F Value Pr > F 

FLAG 1 
56.40 0.0001 

137 -26681680 

295.26566390 

C.V. 

The SAS System 

Root MSE 

1.67372746 

Mean Square 

157.99884710 

16:20 Monday, 
August 15, 1994 10 

Analysis of Variance Procedure 

T tests (LSD) for variable: B 

NOTE: This test controls the type I carparisonwise error rat 
e not the 

experimentwise error rate. 

Alpha= 0.05 df= 49 MSE= 2.801364 
Critical Value of T= 2.01 

Least Significant Difference= 0.9436 
WIRMNG: Cell sizes are not equal. 

Hammnic Mean of cell sizes= 25.41176 

Means with the same letter are not significantly different. 

T Grouping Mean N FLAG 

The SAS System 16:20 Monday, 



source _- DF 
F Value - Pr > F 

-or 49 

Corrected Total 50 

R- Square 
DJVSLOPE Mean 

source DF 
F Value Pr > F 

Sum of Squares 

5.19400832 

9.36142349 

C.V. 

The SAS System 

Mean Square 
- 

Root MSE 

Mean Square 

4.16741517 

16:20 Monday, 

halysis of Variance Procedure 

T tests (LSD) for variable: INVSLDPE 

BZUTZ: test controls the type I comparisomJise error rat 
e not the 

e>cperimentwise error rate. 

Alpha= 0.05 df= 49 MSE= 0.106 
Critical Value of 2.01 

Least Significant Difference= 0.1841 
tZk3NIHG: Cell sizes are not equal. 
Harmonic Mean of cell sizes= 25.2549 

Means with the same letter are not significantly different. 

Table 8 (m 

The SAS System 

Analysis of Variance Procedure 

16:20 Monday, 



&pendent Variable: ARE3iTis 

Sowce DF 
F Value Pr > F 

Error 4 5 

Corrected Total 46 

R-Square 
ARHENNS Mean 

Sc -xce DF 
F Value Pr > F 

9-21 05 Squares Meaii Square 

524164670.82958500 11648103.79621300 

558430650.96683200 

C.V. Root MSE 

Anova SS Mean Square 

34265980.13724700 34265980.13724700 

The SAS System l6:20 Monday, 
August 15, 1994 14 

Analysis of Variance Procedure 

T tests (LSI)) for variable: A E E N I U S  

NOTE: This test controls the type I c-isonwise error rat 
e not the 

v h e n t w i s e  -or rate. 

Alpha= 0.05 df= 45 MSE= 11648104 
Critical Value of T= 2.01 

Least Significant Difference= 2005.8 
WARNING: Cell sizes are not equal. 

Hazmonic Mean of cell sizes= 23.48936 

Means w i t h  the smne letter are not significantly different. 



Tabk 9 Variance between experimental panmeten deriwd from blood 
of Akhimtr's patients md corrtrof subjecrs 

demtts a statisticatly signifant differem exins whim a 90% ccnfdurc interval 
(~4. E 1 



C o n t r a l s  A l z h t j m e r ' s  

Subject Groups 

Figure 1. Comparison of age (in years) of 
Alzheimer's Patients and Control Subjects 









~ i g d F 3 .  Summary of I/% Inhibition vs. 
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Figure 3. (continued) 
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Figure 4. Relative Superoxide Dismutase 
Activities in Erythrocyte Extracts From - - 

- AW;iei&erss Patients- and Control Subjects 



Units SODfmL packed RBCs 

Figure 5. Relation of Relative SO& Activity 
to Total Activity in Erythrocytes of 
Alzheimer's Patients 
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Figure 6. Relation of Relative SOD Activity 
to Total Activity in Erythrocytes of Control 
Subjects 



A l z h e i m e r ' s  C o n t r o t s  

Subject Groups 

Figure 7. Superoxide Dismutase Activities 
in Er j t h r o c ~ t e s  From Alzheimer's Patients 
and Control Subjects 
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Figure 8h Erythrocyte Relative SOD Activity 
in Alzheimer's Patients Related to Total 
Protein Surviving the Chloroform/Ethanol 
Extraction 
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Figure 88 Erythrocyte Relative SOD Activity 
in Control Subjects Related to Total Protein 
Surviving the Chlorofordthanol 
' ~x&a%tion 
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Figre 10. Erythrocyte Relative SOD 
Activity in Alzheimer's Patients Related to 
Total Protein SnrvTving the 

- ChWofoRnlEthanol- Extraction 
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Figure 11. Erythrocyte Relative SOD 
Activity in Control Subjects Related to 
Total Protein Surviving the 
CworoformlEthapol Extraction 



C o n t r o l s  Alzheimer's 

Subject Groups 

Figure 12. Relation of Relative SOD Activity 
(kcat 33-)' per Extract Lowry Protein in 
Alzheimer's Patienfs and Control Subjects 
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Figure 13. Relation of Relative SOD Activity 
(ksat Et/Km)' per Extract Bradford Protein 
-in Alzheimer's Patients and Control 
Subjects 
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Figure 14. Relative Amounts of Lowry Protein 
Surviving Chloroform/Ethanol Extracti0.n 
of Erythrocytes From Alzheimer's Patients 
and - .- Controls 
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Figure 15. Relative Amounts of Bradford 
Protein Surviving ChloroformlEthanol 
Extraction of Erythrocytes From 
Alzheimer's Patients and Controls 
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Figure 16. Relation Between Estimates of 
Protein Determined by Bradford and Lowry 
Methods in RBC Extracts 
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Figure 17. Erythrocyte SOD Activity Related 
to Total Protein Surviving 
ChloroformlEthanol Extraction in 
Alzheimer's Patients 
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Figure 18. Erythrocyte SOD Activity Related 
to Total Protein Surviving 
ChloroformlEthanol Extraction 
in Control Subjects 
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Figure 19. Erythrocyte SOD Activity Related 
to Total Protein Surviving 
Chloroform/Ethanol Extraction in 
Alzheimer's Patients 
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Figure 20. Erythrocyte SOD Activity Related 
to Total Protein Surviving Chloroform/Ethanol Extraction 
in Control Subjects 
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Figure 21. SDS-Gel Electrophoresis of 
Proteins in Chloroform/Ethanol Extract 



Figure 22. SOD Activity as a Function of 
Hemoglobin Content in Alzheimer's 
Patient's Erythrocytes 



Figure 23. SOD Activity as a Function of 
Hemoglobin Content in Control Subject's Erythrocytes 
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Figure 24. Drabkin Hemoglobin Levels in 
Erythrocytes From Alzheimer's Patients 

Control Subjects 
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Figure 25. Units of SOD per mL packed RBCs 
per g Hb as a Function of Extracted Lowry 
Protein in Alzheimer's Patients 
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Figure 26. Units of SOD per mL packed RBCs 
per g Hb as a Function of Extracted Lowry 
Protein in Control Subjects 
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Figure 27. Units of SOD per mL packed RBCs 
per g Hb as a Function of Extracted 
Bradford Protein in Alzheimer's Patients 
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Figure 28. Units of SOD per mL packed RBCs 
per g Hb as a Function of Extracted 
Bradford Protein in Control Subjects 
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Figure 29. Units of SOD per mL Packed RBCs 
per Gram of Hemoglobin in Erythrocytes 
from Alzheimer's Patients and Control 
Subjects 



Figure 30. Relative Arrhenius Slopes for 
Superoxide Dismutase in Alzheimer's 
Patients and Control Subjects 

-2500 - 
fi 
0 
0) 

'9 
C\ 

2 
-9- 

-3500 i 

A l z h e i m e r ' s  Controls 

Subject Groups 



DISCUSSION 

Reports in the literature are conflicting as to what changes, if any, occur in the activity 

of CuZnSOD in Alzheimer's patients compared to neurologically healthy age-matched adults. 

These conflicting results are likely attributable to differences in the populations examined, age 

and sex of the subjects, age classifications, methods of sampling, sample size, the way the 

samples are prepared, assay methods, conditions of the assay, and definition or representation of 

activity (Abe et al., 1989). It was hoped that the present study could help elucidate the 

differences, if they do exist, between CuZnSOD activity in Alzheimer's disease patients 

compared to age-matched, neurologically healthy controls. The sample size used in the present 

study was relatively large compared to that utilized by other studies; therefore, the results were 

less likely to be influenced by chance. Controls were age-matched to minimize extraneous 

variables from influencing the data as age may affect the enzyme levels in people. Furthermore, 

whereas other studies employed a one-point determination of the CuZnSOD activity for each 

subject, obtaining a value for CuZnSOD activity in th~s  study involved gathering multiple points 

during the assay for each individual in order to define the line for l/percent inhibition versus 

l/volume CuZnSOD extract used in the assay. 'This allowed for greater accuracy in elucidating 

the me value of the activity. In addition, total protein content in the chloroform/ethanol/water 

extracts was determined to monitor possible changes in the specific activity of CuZnSOD. To 

elucidate whether there were alterations in the physical properties of the CuZnSOD enzyme, a 

temperature study on the relative rates of the CuZnSOD enzyme was performed at two different 

temperatures to give an indication of alterations in enzymatic activation energy. The Arrhenius 

experiment used to detect changes in CuZnSOD that are related to changes in physical propexties 



of the enzyme was not done in any other studies to our knowledge. Due to the methodology 

employed in this study, it was possible to ascribe changes in totd SOD ac t iv i~  to changes in 

either catalytic efficiency of the enzyme or to changes in the amount of SOD gene product 

present. 

A graph of relative SOD activity (kcat Er/Km)' versus Lowry (or Bradford) protein in the 

SOD extracts can be influenced by three different phenomena: (1) Changes in the amount of 

SOD (Et); (2) changes in the physical properties of ?.he SOD enzyme (kcat/Et); (3) differences 

in the amount of protein surviving precipitation in the chloroform/ethanol extraction (specific 

activity of the extract). 

Analysis of the graph of relative SOD activity (kcat Et/Km)' versus Lowry (or Bradford) 

protein revealed a slope which is approximately ten times steeper for the Alzheimer's patients 

compared to the old, neurologically healthy control subjects. All three of the above mentioned 

factors could be influencing this graph. 

A plot of relative SOD activity versus Lowry protein results in a linear graph for each 

subject population. This is because the SOD activity is proportional to the total amount of 

protein extracted within each subject class (Fridovich, personal communications). Both the 

Lowry method and Bradford method of protein determination, which were performed on the SOD 

extracts, revealed that the Alzheimer patients had approximately four to five times less protein 

in their extracts compared to the neurologically healthy age-matched controls. This indicates that 

the amount of total proteins capable of surviving the chlorofdethanol extraction was much less 

than that which survived in the controls. Therefore, the specific activity of the extract from the 

Alzheimer's patients was higher than that of the controls. 



Similarly, results from gel electrophoresis also showed that the Alzheimer patients SOD 

extracts were much cleaner (i-e., contained less contaminating proteins) than that of the conrrols 

by a factor of approximately five. The Alzheimer patients had about 9% SOD purity compared 

to 1.3 % SOD purity in the control subjects based on calculation of specific activity available 

from the data collected. A graph of distance travelled on the gel (Rf values) versus l/log 

molecular weight (kDa) revealed that only five proteins survived the chloroform/ethanol 

extraction of the samples; Bands 62, 54, 16, and 14 kDa protein were tentatively assigned as 

glutathione reductase (63 kDa), catalase (57 kDa), CuZnSOD and hemoglobin (16 kDa; both 

CuZnSOD and hemoglobin run together), and calmodulin (14 ma) .  In the Alzheimer's disease 

patients the 16 kDa band accounted for approximately 50% of the staining whereas in the 

controls it accounted for only 15%. The relative intensity of catalase/CuZnSOD was significantly 

lower in the Alzheimer's disease patients compared to the controls. This suggests that the 

enhanced CuZnSOD activity observed in the Alzheimer's disease patients is not associated with 

a parallel increase in catalase activity; this may result in an imbalance in the antioxidant levels 

with a consequent increase in the hydrogen peroxide levels in the cells. 

The drop in protein content observed in the extracts may be attributed to the fact that 

oxidatively stressed proteins could not survive the chloroform/ethanol extraction procedure, which 

is a very harsh treatment on proteins. Nevertheless, most of the SOD enzyme survives this 

procedure as it is an extraordinarily hardy protein. The Alzheimer's patients had a greater drop 

out rate of proteins due to their having more oxidatively stressed, weaker, more fragile proteins 

which may have polymerized and precipitated out of the solution. This may be a consequence 

of cross-linking of proteins to lipid peroxyradicals. Aging has been shown to increase water 



insoluble protein precipitate in brain tissue; this has been attributed to free radical cross-linking 

of general proteins (Nagy et al., 1980). In fact, gross loss of protein solubility due to free radical 

damage was observed by Nagy et al. (1980). 

A comparison of the units SODIrnL packed RBC, which is corrected for dilutions to the 

blood and is not affected by proteins dropping out in the extraction procedure, demonstrates that 

the Alzheimer's patients have twice (Alzheimer's patients had 10 798 UnitsImL packed RBCs 

compared to 4 88 1 Units/mL packed RBCs in the controls) the SOD activity of the neurologically 

healthy controls. This increased activity may only be caused by two factors: (1) increased 

expression of the SOD gene (i.e., a greater amount of the enzyme) and/or (2) changes in the 

physical properties of SOD (e.g., Ea). Note, the large range observed in the amount of SOD 

units/mL. among the subjects is consistent with the findings of other researchers who found a 

five-fold variation in activities of CuZnSOD, glutathione reductase, glutathione peroxidasc, and 

cntalase (Guemouri et al., 1991). This biological variability may be due to the effects of factors 

which may influence CuZnSOD level such as smoking, alcohol consumption, and intake of 

certain drugs like anti-inflammatory agents, anti-depressants, and thyroid hormones (Guemouri 

et al., 1991), or individual metabolic rate. 

This finding that Alzheimer's disease patients have significantly elevated (approximately 

double) CuZnSOD activity compared to age-matched, neurologically healthy controls is in good 

agreement with results reported by Nichols and Beattie (personal communications), who also 

found that Alzheimer's disease patients had approximately twice the amount of imrnunsreactive 

CuZnSOD, as determined by ELISA, in the Alzheimer's patients erythrocytes compared to the 

controls. It is also consistent with the findings of Perrin et al. (1990)' who found that 



Alzheimer's disease patients had significantly higher CuZnSOD levels in their red blood cells 

compared to age-matched, institutionalized, neurcdogically healthy conmls. The work done by 

Thienhaus et al. (1986), which demonstrates m increase in CuZnSOD activity in skin fibroblasts 

from a 53-year-old patient with familial Alzheimer's disease compared to that observed in a 

n~rmal,  healthy 55-year-old man also supports the results of the present study. Another study 

whose findings were in line with those of the current study is that of Zelman et al. (1989), who 

examined fibroblast cell lines derived from patients with familial Alzheimer's Qsease and age- 

matched controls exhibiting no neurological symptoms. These researchers discovered a 

significant 30% enhancement of CuZnSOD activity in Alzheimer's disease patients when 

compared to normal controls. 

The results of the present study are in disagreement with those published by Sulkava et 

al. (1986), who analyzed CuZnSOD activity in red blood cells from four patients with non- 

familial Alzheimer's disease (age range = 58-74 years old; mean age = 69 + 7.4 years) in 

comparison to that of five healthy controls (age range = 48-64 years old; mean age = 54.8 + 7.9 

years) and obsewed no change in erythrocyte CuZnSOD activity between these subject groups. 

However, these researchers examined only a small series of subjects; therefore, chance may be 

affecting their results. In addition, age-matched conmls were not utilized which likely 

influenced the findings. Alzheimer's disease patients were on average fourteen years older than 

the controls. 

The results of another study, performed by Jeandel et al. (1989), also differ from the 

findings of the present study. These experimenters showed no variation in erythrocyte CuZnSOD 



activity in Alzheimer's disease patients as compared with controls. Again, this discrepancy with 

the current study can be explained by the use of non-age-matched subjects. 

In order to evaluate the possibility that these changes in SOD activity are due to changes 

in physical properties or catalytic efficiency, relative Arrhenius slopes of the Alzheimer's patients 

and the control subjects were compared. The In % inhibition versus lflemperature was plotted, 

and the slope of this graph gave a reflection of -Ea (enthalpy). The slope of the In % I vs. l/T 

graph can be positive, negative, or zero since there is competition between cytochrome C and 

SOD for the superoxide radical. If SOD outcompetes cytochrome C, then the slope is negative. 

However, if cytochrome C beats SOD in capturing the superoxide radical, then the slope of this 

graph is positive. If both SOD and cytochrome C are equal in their ability to capture the 

superoxide radical, then the slope of the graph is zero. Because of this competition, there will 

be variance in the subject groups for this value around the zero point for a bar graph of the mean 

magnitude of the slopes (of the In % I vs. 1/T) compared to the subject groups. Furthermore, 

the standard deviation will be high relative to the magnitude of the mean slope value for each 

subject category. 

It was found that the Alzheimer's patients had a higher activation energy (Ea) for SOD 

compared to the neurologically healthy controls. This indicates that the Alzheimer patients SOD 

is inhibited by some form of post-translational modifications compared to the controls. One 

study has demonstrated that allcylation of CuZnSOD enhances its structural stability (Jabusch, 

1980). This may lead to a diminished rate of degradation of the enzyme in Alzheimer's disease 

patients; &US, resulting in higher concentrations of the enzyme being present in the ceils. 

Another possibility is that the greater stability of the CuZnSOD enzyme might lead to an elevated 



activity of the enzyme. The activation energy increase for SOD in the Alzheimer's patients 

would tend to decrease activity. Increased activation energy would tend to decrease the catalytic 

efficiency and the rate of the Alzheimer's disease patients' CuZnSOD er,zyme. This trend is in 

the opposite direction to the overall increase in Alzheimer's disease patient's svperoxide 

dismutase activity. Therefore, the two-fold increase in SOD units of activity per mL packed 

RBCs compared to the controls must be explained only by enhanced expression of the SOD gene 

and/or decreased rate of degradation of the SOf) gene product in the Alzheimer's patients blood. 

Control of CuZnSOD activity at the pre-translational level of gene expression has been 

documented in both rat and mouse (Delabar ec d., 1987). fr q p r s  &at i m z w i d  gene 

expression of CuZnSOD may be an uvercompensation for loss in catalytic efficiency. In 

Alzheimer's disease patients, there may be an enhanced rate of CuZnSOD synthesis in an attempt 

to make up for the loss in CuZnSOD activity in their cells due to defective SOD protein. 

This situation can be rationalized as a homeostatic mechanism which atrempts to ngufate 

the moun t  of SOD activity in the Alzheimer's patient's blood. k may be that the Alzheimer's 

patient's SOD is inhibited by post-translational mdimodions associated with the disease process 

and the body attempts to compensate for this by increasing SOD gene expression in order to 

effectively scavenge the superoxide radical. Xetrenheless, this enhanced SOD activity may be 

maladaptive and may lead to h h e r  tissue damage- Alternatively, o v e r e x ~ b n  of CuZnSOD 

in the Alzheimer's patients couM be the p r i m  event which, consequently, may send a signal 

ro a homsmtic  mechzi4n m nzbcc L!! maxima! velcsiry o?- L m x e e  ef t i  SCB er;r;fme 

in effm tc .segu!a~e t,e ~ i i j -  aakity. 



The modification of camlytic efficiency of an enzyme by allosreric mechanisms is well 

es~a.abIished in emymofogy. FWfhHy, f,k es,qmatic activ;i&s of pt;ospho%ricrokinase, 

fnrcrme- I .&Lrisphosphame, p p v m  kcirtase, glucose-6-Pdehyhgenase, CAMP-dependent 

prorein kin=, guanyIate c y c h  {Ziegler, 1985) and glutathione-S-nansferase (Shen et al, 1993) 

are modifid by tfriof/disdfide redox regulation. Also, the activity of g1ucose-W-dehydrogenase 

diminished and the activity of gluatarhiorie peroxidase in red blood cells decreased in response 

rr, exposure to hydrogen peroxide in t.im, [Vives et al., 1988). 

Evidence for toxicity dm to overe~pressim of SOD: 

Chemically reactive oxygen free radicals are generated as a normal by-product of oxygen 

metabolism and after expure  to extmd agens (e.g., radiation and certain chemicals). These 

reactive c h d c a i  species have been implicated in free radical damage in aging. In 1956, Harman 

proposed the Free Radical Theory of Aging, in which fie states that random deleterious damage 

accrrrndates. A11 fiving cells w k b  31% expos4 $0 oxygen have &vefo@ a mechanism to 

&fed themselves from fiee radical snack. The antioxidant CuZnSOD is one of the primary 

e- invoived in this defense. 

However, evidence exisu suggesting that too low or mo higb levels of SOD may be 

&aimen& to am! arganism. T k e  a p p n  to be an c p b d  level for SOD in tissues. Deviations 

hm this lev& in e i k  cbeaicm are deieferious to tfie individual. Mae et 4. (1993) have 

dmnsrrated thar the applicadon of SOD as an antioxidant has a bell-shaped dose-response 

m e .  If the ~n~ of SOD is roo high, hydmgen peroxide can increase leading to 

hy&axy1 radical pdmi011 in W2 syseems. H~wevet, hclusioa of catatase with SOD reduces 



toxic effects by removing hydrogen peroxide (Mao et al., 1993). Since the role of SOD is to 

szvexge the superoxide radical, and transform it into hydrigen peroxide, which is later reduced 

to water and oxygen by the catalase enzyme and peroxidases, a relative increase in SOD activity 

could result in increased generation of hydrogen peroxide. This elevated hydrogen peroxide 

concentration could, consequently, lead to enhanced lipid peroxidation and other damage. 

Subbarao et al. (l!BO), reported that in vitro basal and iron-induced peroxidation is increased in 

autopsy samples of Alzheimer's cortical tissue compared with non-demented age-matched 

conuols If the SOD activity is too high relative to catalase's activity, then hydrogen peroxide 

can build up. The excess hydrogen peroxide can then participate in any of the following 

reactions: 

(1) Haber-Weiss: OF+ H202 --> OH'+ OH' + 0, 

(2) Fenton reaction: ~ e * ~  + H,@ --> Fe'3 + OW + OH' 

(3) Thiol oxidation: 2WSH + H202 --> RSSR + 2H20 

(3) Lipid epoxides: RCH=CHR' + H202 --> RCHOCHR' + H20 

Orher srudies indicating that excessive SOD levels are harmful to organisms includes the study 

conducted by Bernier et al. (1989). They discovered that SOD at doses of 0 to 8 x lo4 units 

deereased feperfmion induced cardiac arrhythmias in rat heart. However, doses of SOD greater 



than 8 x 1@ units increased ventricular fibrillation. Catalase, on the other hand, decreased 

ventricular fibrillation increasingly well up to the highest concentration tested. Another study 

demonstrated that human CuZnSOD transfected and overproduced in mouse epidermal cells 

caused DNA strand breaks, growth retardation, and cell death in response to oxygen metabolites. 

In contrast, cells doubly transfected with catalase were not hanned (Amstad et al., 1991). 

Overexpression of CuZnSOD may upset the steady-state equilibrium of active oxygen 

species within the cell, resulting in oxidative damage to biologically important molecules. It has 

been demonsmted that elevated CuZnSOD levels can enhance the cytotoxicity of oxygen free 

radicals (Finazzi-Agro et al., 1986; Scott et al., 1987; Iwahashi et al., 1988). The increased 

CuZnSOD ac-jvity in Alzheimer's disease patients compared to controls observed in this study 

could lead to enhanced hydrogen peroxide production. 

Further support for oxidative damage in the etiology of Alzheimer's disease: 

The increased reactive oxygen metabolites in the blood could impair the structural and 

functional capacity of the blood-brain banier, rendering it more permeable to substances; thus, 

enhancing the ease with which materials cross from the vasculature to the brain tissue. It has 

been reported that reactive oxygen species increase endothelial transport of proteins which may 

partly account for the increased blood-brain vascular permeability observed in the Alzheimer's 

disease patients (Shasby et al., 1985). Furthermcre, although the blood-brain mechanisms in the 

central nervous system serve to exclude reactive metals from contact with neural tissues 

(Willmore and Triggs, 1991), head trauma, cerebral infarction, and spntaneous intracerebrai 

hemorrhage disrupt the blood-brain b'urier and cause red blood cell extravasation followed by 



hemolysis and deposition of iron-containing compounds within the lipid-rich brain tissue (Adam, 

1975). In addition, red blood cells from Alzheimer's disease patients have different 

electrophoretic mobility compared to controls (Walter et al., 1992). Also, it has been found that 

cultured fibroblasts from Alzheimer's patients have increased susceptibility to free rachcai damage 

(Tlsco et al., 1992). 

Moreover, the elevated hydrogen peroxide levels in the blood, which are a consequence 

of the high CuZnSOD activity, could result in enhanced diffusion of hydrogen peroxide across 

the blood-brain barrier, after which it may be involved in peroxidation reactions and, 

consequently, cause destruction to brain tissues by cross-linking proteins, compromising the 

integrity of the membrane of cells, and damaging DNA. In fact, inability to repair DNA damage 

has been implicated as a cause of Alzheimer's disease in brain tissue (Boerrigter, 1992). Also, 

cross-linking of proteins due to attack by oxygen free radicals may play an important role in 

deterioration of membrane functions (Nagy et al., 1980). 

The human CuZnSOD gene is located on chromosome 21 at region 21q22. This region 

is present in mplicate in Down's syndrome patients and contributes to the Down's syndrome 

phenotype including the following characteristics: Severe mental retardation, slow physical 

development, increased incidence of leukemia, high susceptibility to infections, premature aging, 

and Alzheimer-type neuronal pathology. Funhennore, the gene for beta-amyloid precursor 

protein is also found on chromosome 21 (Zubenko and Sauer, 1989). Macrophages have been 

snown to be responsible for oxidative insult in brain leading to beta-amyloid deposition (Defeudi, 

1989). An investigation of the antioxidants on the life span of male LAF mice (Harrnan, 1968) 

showed that ethoxyquin (a quinoline derivative) virtually completely prevented the mice from 



experiencing spontaneous arnyloidosis. Also, free radicals have been postulated to cause helical 

filament deposition in Alzheimer's disease patient's brains (Zernlan et al., 1989). 

Brain cells may be especially susceptible to damage by an altered balance of oxygen free 

radicals and peroxidative stress, which could result from a relative increase in SOD activity, due 

to the high concentration of polyunsaturated fatty acids which make up neuronal cell membranes 

and the very specialized functions these membranes serve. Further exacerbating this situation 

is the fact that the level of selenium-glutathione peroxidase (which scavenges hydrogen peroxide) 

activity in n e d  tissue seems too low to provide protection from peroxide induced lesions. The 

brain contains relatively low specific activities of hydrogen peroxide-scavenging enzymes (Sinet 

et al., 1980). This may necessitate increased SOD in the blood to help combat destructive 

oxygen free radicals. 

The brain is particularly vulnerable to oxidative attack and damage for many reasons: 

(1) Brain tissue contains very high polyunsaturated fatty acid levels, which are good 

substrates for peroxidation reactions. Lipids constitute approximately fifty percent of the dry 

weight of the brain and play a key role in cell structure and function (Strong et al., 1991). 

(2) The brain is generally low in oxidative protection when its potential for peroxidation 

is considered. For example, catalase levels of human brain are extraordinarily low, being less 

than one percent of that seen in liver or erythrocytes (Marklund et al., 1982). Also, it has been 

reported that human brain has approximately three percent the total glutathione peroxidase 

content of human liver (Camagnol et al., 1983). As well, age-associated changes in the 

composition of phospholipids, consisting of increases in the proportion of saturated fatty acids 

may ?be a consequence of increased peroxidation of mssimi~ed fatty acids (Hegfm, 1980). 



(3) Brain, especially some areas (e-g., basal ganglia), is highly enriched in non-heme iron, 

which can participate in Fenton-like reactions (Floyd et al., 1984; Ciuffi et al., 1991; Subbarao 

et al., 1990). This high iron concentration may influence the potential for peroxidative damage. 

It has ken  observed in nerve endings prepared from the neosmatum that iron-induced 

peroxidation is associated with a diminishment of membrane fluidity and decreased doparnine 

synthesis (Zaleska et al., 1989). Furthermore, a histochemical examination of brains by Andorn 

et al. (1990) has revealed that Alzheimer's disease patients have elevated non-heme iron in their 

brain compared to age-matched controls, particularly in the prefrontal cortex. In addition, 

increased basal peroxidation, measured by malondiaidehyde levels, has been reported to occur 

in the prefrontal and frontal cortical mas of patients with Alzheimer's disease compared to age 

matched controls (Andorn et al., 1990, Subbarao et al, 1990). Also, iron-induced peroxidation 

has been demonstrated to impair high-affinity dopamine uptake in cultured doparninergic neurons 

(Michel et al., 1992). These observations of increased basal lipid peroxidation and elevated non- 

heme iron in areas pathologically affected by Alzheimer's disease supports the concept that 

enhanced lipid peroxidation plays a role in the expression of the neurodegenerative disease 

pathology and may be related to alterations in neurochemical parameters associated with 

Alzheimer's disease. 

(4) Brain uses approximately twenty percent of the total oxygen demand of the body. 

(5) Brain consists of post-mitotic tissue. 

Post-mortem fmdings in Alzheimer's disease include the following: decreased membrane 

fluidity, increased protein cross-linking, decreased solubility of membrane proteins, and 

vacuolzrizati~r, of neurons (Nagy et: d., 1980; Wi!lmre ei d., 1981). These changes are also 



associated with lipid peroxidation. Lipid peroxidation has been found to be statistically 

significantly higher in the frontal cortex of brains from Alzheimer's dsease patients compared 

to controls (Subbarao et al., 1990). 

Lipofuscin, a heterogenous protein whose synthesis involves oxidative processes, shows 

an age-related, generally linear accumulation in cells, especially post-mitotic cells such as brain 

neurons (Floyd et al., 1984). The presence and build-up of lipfuscin in the brains of individuals 

indicates that the brain is suffering from oxidative stress. It has been demonstrated that raising 

h e  level of free radical reactions (e.g., by inducing vitamin E deficiency or increasing the degree 

of unsaturation of lipid membranes) results in a greater rate of lipofuscin formation in rats 

(Harman, 1990; Brizzee et al., 1984). If the assault by reactive oxygen metabolites is severe 

enough, then neurons may die. Since brain cells are post-mitotic cells, this could be potentially 

harmful, depending on the degree of neuronal cell loss. 

Alzheimer's disease patients show excessive neuronal loss in at least four neurotransmitter 

systems (Mann et al., 1986b; hlann et al., 1989). The loss of neurons in these four systems is 

associated with pigment formation; lipbfuscin in the acetylcholine and serotonin systems and 

neuromelanin (melanized lipofuscin) in the noradrenaline and dopamine systems (Barden, 1987). 

Data supporting the link between perturbation in the ability to eliminate oxygen 

derivatives and peroxidation of membrane lipids include the following: (1) Hela and L cell 

clones transfected with a cloned human CuZnSOD gene and containing a 3-6 fold elevated 

CuZnSOD activity showed an increased in v i m  lipid peroxidation; (2) PC12 cell lines expressing 

the transfected human CuZnSOD gene have shown impaired neurotransmitter uptake resulting 

fi-om modification of membrane properties of chrornaffin granules. This may be secondary to 



lipid peroxidation. It was also discovered that the PC12-SOD clones had an impairment in their 

biosynthesis of prostaglandin E,, an unsaturated lipid derived from membrane-bound arachidonic 

acid, a known substrate for lipid peroxidation (Groner et al., 1992). It appears that increased 

SOD activity is causing alterations in structural and functional elements responsible for 

neurotransrnission efficiency and; therefore, may contribute to neupobiologmi abnormalities 

found in Down's Syndrome and Alzheimer's patients. Perhaps the levels of antioxidant enzymes 

must be maintained in a stoichiometric balance to achieve, or maybe even lengthen, an 

individual's maximum lifespan potential. With regards to the possible role of SOD and free 

radicals in neuronal pathology, it is noteworthy that loss of neurons in aging, Down's Syndrome, 

and Alzheimer's disease patients brains is selective and follows the same pattern and that a 

deregulation in the activity of the cellular antioxidant system is often implicated (Andorn et al., 

1990). 

Because Alzheimer's disease is primarily viewed as a brain disease, it could not have been 

predcted at the outset that anti-oxidant enzymes would necessarily be elevated in the blood of 

the patients. The fact that CuZnSOD activity is increased in the blood of Alzheimer's patients 

may indicate that the initial causative event may be an organism-wide increase in oxidative stress. 

Alternatively, the initial oxidative injury may be restricted to the brain, but due to the limited 

capacity of the brain to combat oxidative stress, red blood cells (with their antioxidant defenses 

such as SOD) may be recruited to remove oxygen radicals which diffuse out of the neuronal 

tissue. 



CONCLUSIONS 

The following conclusions may be drawn regarding erythrocytes from Alzheimer's patients 

compared to control subjects: 

(1) Alzheimer's patients appear to have enhanced synthesis and/or decreased degradation 

rate of CuZnSOD. 

(2) The proteins in the red blood cells of Alzheimer's patients are weaker and more 

damaged. This increased fragility of proteins is likely due to enhanced oxidative stress and 

protein cross-linking occurring in the erythrocytes of Alzheimer's patients. 

(3) The CuZnSOD enzyme is more inhibited (by post-translational modifications) as its 

catalytic efficiency is diminished. 

The increased CuZnSOD activity (due to increased synthesis and/or decreased degradation 

rate of the enzyme), but elevated energy of activation of the enzyme may be a consequence of 

a compensatory mechanism designed to regulate CuZnSOD activity. 

The enhanced CuZnSQD activity in Alzheimer's patients could lead to increased hydrogen 

peroxide production. If mechanisms which remove hydrogen peroxide are not similarly elevated, 

hydrogen peroxide may build up. The hydrogen peroxide molecules could cross the blood-brain 

barrier. Excess hydrogen peroxide could lead to the generation of hydroxyl radicals through 

Haber-Weiss and Fenton reactions. Since hydroxyl radicals are very reactive and non-spec:" 

in their action, they could damage brain regions. If the assault by reactive oxygen metab, 

is severe enough, then neurons may die. Since brain cells are post-mitotic cells, this could be 

potentially harmful, depending on the degree of neuronal cell loss. 



FUTURE STUDIES 

In the future, catalase activity should be measured in Alzheimer patients and control 

subjects to determine how catalase activity varies relative to SOD activity. In addition, a 

radioimmunoassay should be performed to elucidate the immunoreactive concentration of SOD 

in order to determine how much increased expression of the SOD gene contributes to the elevated 

SOD activities found in Alzheimer disease. In addition, the temperature study of CuZnSOD 

should be repeated over a broader range of temperatures to provide more points on the Arrhenius 

plot in order to increase the statistical accuracy of the results. 
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