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Protein Oxidation and Aging 
Earl R. Stadtman 

A number of systems that generate oxygen free radicals catalyze the oxidative modification 
of proteins. Such modifications mark enzymes for degradation by cytosolic neutral alkaline 
proteases. Protein oxidation contributes to the pool ofdamaged enzymes, which increases 
in size during aging and in various pathological states. The age-related increase in amounts 
of oxidized protein may reflect the age-dependent accumulation of unrepaired DNA dam- 
age that, in a random manner, affects the concentrations or activities of numerous factors 
that govern the rates of protein oxidation and the degradation of oxidized protein. 

Thirty-six years ago, Harmon ( 1 )  suggest- 
ed that free radicals are likelv involved in 
the aging process. In the meantime, the 
free radical theory of aging has become 
widely accepted and is the basis of numer- 
ous hypotheses to explain how free radicals 
might be involved. Nevertheless, the rele- 
vance of free radicals in aging is clouded by 
diverse opinionb as to what aging really is. 
Some hold that aging is a programmed 
~ h a s e  of cellular differentiation and normal 
development that culminates in death. 
Others believe that aging is the manifesta- 
tion of progressive losses in physical and 
mental acuity caused by the impairment of 
fundamental physiological processes by ill- 
defined factors. So far as the radical theory 
is concerned, distinction between these 
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concepts is blurred by a growing body of 
evidence that free radical damage to cellu- " 
lar function is associated with a number of 
age-related diseases-namelv. atherosclero- - , , 

sis, arthritis, muscular dystrophy, catarac- 
togenesis, pulmonary dysfunction, various 
neurological disorders, and very likely can- 
cer (2). This notwithstanding, few would 
question the importance of free radical 
damage to nucleic acids and lipids in age- 
related disease processes. From measure- 
ments of the in vivo production of modified 
purine and pyrimidine bases, presumed to 
arise from the excision and repair of dam- 
aged nucleic acid, Ames et al. (3) have 
reasoned that oxygen free radicals are re- 
s~onsible for 10.000 or so DNA base mod- 
ifications per cell per day. It requires little 
persuasion to accept the argument that a 
finite fraction of such a massive amount of 
damage would escape repair by even the 

most sophisticated mechanisms and that 
the accumulation of unrepaired damage 
could account for the age-related loss of 
physiological function. There is little reluc- 
tance to accept the view that oxygen free 
radical-mediated lipid peroxidation could 
lead to the loss of membrane inteeritv and 

u ,  

hence compromise cellular function. Ac- 
cordingly, much attention has been given 
to the potential roles of free radical damage 
to nucleic acids and lipids in aging. Curi- 
ously, until recently, the possibility that 
free radical damage to proteins might also 
contribute to aging has received less atten- 
tion. This lack of interest may be a result in 
part of a failure to demonstrate age-related 
defects in the protein synthetic machinery 
or in the in vivo ~roduction of oxidativelv 
damaged protein (4): In addition, it seemed 
reasonable that damaged protein would not 
accumulate because cellular proteins are 
constantly turning over and that abnormal- 
ly formed or damaged proteins turn over 
more rapidly than normal proteins. 

It was, in fact, an effort to understand 
how cells regulate the turnover of individ- 
ual e n m e s  that led to the work summa- 
rized here, which shows that metal cata- 
lyzed oxidation (MCO) of enzymes is a 
marking step in protein turnover and that 
the accumulation of oxidized protein is 
likely implicated in aging. 

Two-Step Mechanism 
of Enzyme Degradation 

The rates of synthesis and degradation of some 
enzymes are dependent on nutritional factors. 
In Eschrichia coli and Klebsiella aerogenes, glu- 
tarnine svnthetase (GS) and several other 

\ ,  

enzymes are rapidly degraded under condi- 
tions of nitrogen starvation (5-7). Subse- 
quently, it was determined that the degrada- 
tion of GS involves two steps (6). In the first 
step, the enzyme is oxidized to a catalytically 
inactive form, which in the second step is 
rapidly degraded by intracellular proteases. 
The first step involves the oxidation of amino 
acid residues of the enzyme by the combined 
action of H202 and Fez+ (Fig. 1). In the case 
of some amino acids. this leads to the forma- 
tion of carbonyl derivatives. 

The production of Hz02 and Fe2+ is cat- 
alyzed by any one of several different enzyme 
systems that are variously referred to as mixed- 
function oxidation systems (8) or MCO sys- 
tems (9). These systems include a large class 
of flavoproteins, reduced forms of nicotina- 
mide adenine dinucleotide phosphate 
[NAD(P)H] oxidases, the reduced form of 
nicotinamide adenine dinucleotide quinone 
reductase, dehydrogenases, and cytochrome 
P-450 reductases, which in intermediary me- 
tabolism normallv serve as electron carriers 
between various metabolic reactions. Howev- 
er, under conditions of oxidative stress or in 
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the absence of an appropriate electron accep- 
tor, the reduced forms of these flavoproteins 
may react with 0, to form H,O, or with Fe3+ 
to form Fe2+ by either superoxide anion rad- 
ical (%)-dependent or O,-independent 
pathways (2). Nonenzyrnic MCO systems 
comprised of ascorbate-Fe3+-0, or RSH-0,- 
Fe3+ are also able to generate H,O, and Fe2+. 
Because these mimic important characteristics 
of the enzymic MCO systems, they have been 
widely used in mechanistic studies (6, 10-12). 

The Site-Specific Nature of 
Metal-Catalyzed Reactions 

The only function attributed to MCO sys- 
tems is the generation of H 2 0 2  and Fe2+ 
(Fig. 1). The available evidence suggests 
that these products react in a site-specific 
manner to modify amino acid residues at 
the metal binding sites of proteins (Fig. 2). 

In this mechanism, it is assumed that the 
hydroxyl radical (-OH) is the reactive oxy- 
gen species formed by the reaction of Fe(I1) 
with H,O,. However, other active forms of 
oxygen (ferry1 ion, perferryl ion, peroxyrad- 
ical) may also be formed. The important 
consideration is that the reaction is viewed 
as a caged process in which the active 
oxygen species is not released into the sur- 
rounding medium but preferentially reacts 

Scavengers Protpase 
kB  : 

with functional groups of amino acid residues 
at the metal binding site. T ~ I S  would account 
for the observations that the MCO-catalyzed 
reactions are not inhibited by free radical 
scavengers (8, 10, 13) and that only one or a 
few amino acid residues of a given enzyme 
subunit are modified bv MCO svstems. The 
mechanism is also supported by other obser- 
vations. (i) All MCO svstems that catalvze ~, 

the oxidative modification of enzymes are able 
to catalyze the reduction of 0, to H,O, and of 
Fe(II1) to Fe(I1) (8). (ii) A mixture of H,O, 
and Fe (11), but not of H,O, and Fe(III), will 
promote oxidative inactivation of enzymes 
(8). (iii) Catalase inhibits modification of 
enzymes by all of the MCO systems examined 
(2, 6, 8, 10). (iv) Iron chelators (EDTA, 
o-phenanthroline) inhibit the inactivation of 
all enzymes tested except creatine kinase (6, 
8) and glucose-6-phosphate dehydrogenase 
(G6PDH). Chelators actually stimulate the 
oxidation of the latter two enzvmes. Dresum- 
ably because they possess a binding site for the 
Fe-chelate complex. 

The site-specific nature of the metal-cata- 
lyzed reactions has been confirmed by the 
results of studies with E. coli GS, which show 
that inactivation of the enzyme involves the 
conversion of His269 to an Asn (1 1) and of 
Arg344 to a glutarnic semialdehyde derivative 
(12). Moreover. these His and Are residues 
k ' b o t h  situated at one of the G o  metal 
binding sites at the catalytic center of the 
enzyme (14). Susceptibility of the enzyme to 
degradation by the multicatalytic protease is 
associated with the modification also of a 
second His zesidue (HisZo9 or His2'') (19 ,  
which is situated at the second metal binding 
site on the enzyme (14). 

Protein Modification 
Fig. 1. Two-step mechanism of enzyme degra- 
dation. GS, glutamine synthetase; GS,,, oxi- All amino acid residues of a protein are 
dized glutamine synthetase. subject to attack by hydroxyl radicals pro- 

Fig. 2. Site-specific mechanism of Electron 
protein oxidation by MCO sys- /, donor ...' > 
tems. The MCO system catalyzes 02fH+ 

"" 

" Mco"' 
the reduction of Fe(lll) to Fe(ll) \ / 
(reaction 1) and the reduction of 
0, to H202  (reaction 2). The 6 

amino group of a lysyl residue 
(-CH2NH2) serves as one of sev- 
era1 ligands to which Fe(ll) binds 
(reaction 3). Oxidation of the pro- 
tein-bound Fe(ll) by H 2 0 2  leads to 
the production of .OH and OH- Protease 

(reaction 4). The .OH abstracts 
a hydrogen atom from the Amino 
-CH2NH2 carbon atom to form an ac~ds, 

Peptldes 
alkyl radical (reaction 5). Transfer . ,, (ill) 
of the lone electron of the alkyl 
radical to Fe(lll) in the complex 
leads to the regeneration of Fe(ll) and the formation of an imino derivative of the E amino group 
(reaction 6). Spontaneous hydrolysis of the imino group leads to the release of the Fe(ll) and the 
generation of an aldehyde derivative of the lysyl side chain (reaction 7). Finally, the modified protein 
is degraded by intracellular proteases (reaction 8). E, enzyme. 
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duced by ionizing radiation; however, Tyr, 
Phe, Trp, His, Met, and Cys residues are 
the preferred targets (1 6, 17). These same 
amino acids are preferentially oxidized 
when proteins are exposed to ozone (18). 
Moreover, under anaerobic conditions, ra- 
diolytically generated radicals promote con- 
siderable protein-protein cross-linking 
throueh .OH-facilitated -S-S- and -Tvr- - 
Tyr- bonding, whereas in the presence of 
O,, radiolysis leads to considerable frag- 
mentation of the polypeptide chain, prob- 
ably by the peroxyradical-mediated a ami- 
dation pathway (1 6, 17, 19, 20). 

This pathway leads to cleavage of the a 
carbon-nitrogen bond of some amino acid 
residues to form two peptide fragments (re- 
action 1): 

RCONHC(R1) HCONHR" + 

RCONH, + R'COCNHR" (1) 

One fragment contains a COOH-terminal 
amide group; the NH2-terminal residue of 
the other fragment is blocked by an a 
ketoacyl group. 

In contrast, the Trp, Phe, and Tyr 
residues of ~roteins are not common tareets - 
for iron-catalyzed reactions, perhaps be- 
cause these residues are not generally locat- 
ed at metal binding sites. Some of these 
amino acid residues (Pro, Arg, and Lys) 
that are particularly sensitive to oxidation 
by MCO systems (Table 1) are converted to 
carbonyl derivatives. 

The Relationship Between Protein 
Oxidation and Protein Degradation 

The proposition that oxygen radical-medi- 
ated oxidation of e n m e s  is a markine steD - .  
in protein turnover (5-7) is confirmed by 
several observations. (i) Manv common . . 
proteases degrade oxidized proteins more 
rapidly than unoxidized forms (2 1-24). (ii) 
Many, perhaps all, animal tissues contain a 
neutral alkaline protease (the multicatalytic 
proteinase) that degrades the oxidized forms 
of enzymes but has little or no ability to 
degrade their unoxidized counterparts (22, 
24). (iii) The in vivo degradation of endog- 
enous proteins in liver and heart mit~chon- 
dria and red blood cells is greatly stimulated 
by exposure of the cells to oxygen radical 
generating systems or H 2 0 2  (25). (iv) The 
exposure of pure enzymes or proteins to 
oxygen free radicals in vitro increases their 
susceptibility to degradation by adenosine 
5'-triphosphate-independent proteases in 
extracts of E. coli, liver, and heart mito- 
chondria and red blood cells (1 7, 26). 

The Relationship Between Protein 
Oxidation and Aging 

Catalytically inactive or not very active, 
more heat-labile forms of some enzymes 



accumulate during aging (27). Because 
many of these enzymes are highly sensitive 
to modification by MCO systems, it was 
proposed that the age-related changes of 
some enzymes are a result of oxygen free 
radical-mediated damage (5, 28) and that 
the accumulation of damaged protein is a 
result of an aee-related increase in the rate 

L7 

of oxygen free radical-mediated damage or 
a loss in the ability to degrade oxidized 
proteins (28, 29). Both propositions have 
gained experimental support. 

With the finding that some amino acid 
residues are oxidized to carbonyl derivatives 
(Table 1 and reaction l), it became evident 
that the carbonyl content of proteins could 
be used as one measure of protein damage. 
Therefore, several highly sensitive proce- 
dures were developed for the detection and 
quantitation of protein carbon~l groups 
(29). By means of these techniques, it was 
established that there is a small but signif- 
icant increase in the amount of oxidized 
protein (carbonyl content) as a function of 
cell age in human erythrocytes (30) as well 
as in several other aging models. Thus, the 
carbonyl content of proteins in cultured 
human dermal fibroblasts increases expo- 

Fig. 3. Age-related changes in the amounts of 
oxidized protein. (A) Carbonyl content of cul- 
tured human dermal fibroblasts from normal 
individuals (A), from patients with progeria (O), 
and from patients with Werner's syndrome (m). 
Adapted from Oliver eta/. (30). (B) Semilog plot 
of the carbonyl content of proteins versus age 
for cultured dermal fibroblasts from normal in- 
dividuals (A) [data from (A)], from the occipital 
lobe of human brain tissue (0) (31), from the 
human eye lens cortex (0) (32), and from rat 
liver hepatocytes (asterisks) (33). The scale 
from 0 to 26 months refers to data for rat liver 
hepatocytes. The scale from 0 to 100 years is 
for data from human samples. 

nentially with respect to the age of the 
fibroblast donor (Fig. 3). Moreover, the 
carbonyl content of cultured fibroblasts 
from individuals with premature aging dis- 
eases (progeria and Werner's syndrome) is 
very much higher than that in fibroblasts of 
age-matched normal individuals (30). In 
fact, amounts of protein carbonyl in pa- 
tients with premature aging diseases are 
about the same as those found in fibroblasts 
of 80-year-old normal individuals (Fig. 3). 
A linear relationship between the loga- 
rithm of the carbonyl content of proteins in 
cultured fibroblasts from normal individuals 
and the age of the fibroblast donor (Fig. 3B) 
attests to the exponential nature of the 
age-dependent change. 

A similar relationship exlsts between 
subject age and the amount of protein 
carbonyl groups in the occipital pole of the 
human brain (3 I), in the human eye lens 
cortex (32), and in rat hepatocytes (33) 
(Fig. 3). In all four systems, the amount of 
carbonyl groups varied from about 2 nmol 
per milligram of protein in the youngest 
subject to 3.5 to 4.5 nmol per milligram of 
protein in the oldest subject. Even greater 
changes were found in the frontal lobe of 
the human brain (3 1). At first glance, a 
two- to threefold age-related increase in the 
amount of protein carbonyl groups may not 
seem impressive. However, it has been 
estimated (33) that 2 nmol of carbon~l 
groups per'milligram of protein, an amount 
commonly found in young individuals, rep- 
resents damage to about 10% of the total 
cellular protein. Accordingly, oxidized pro- 
tein in old individuals could amount to 20 
to 30% of the total cellular protein. These 
are minimal values, as the oxidative modi- 
fication of some amino acid residues in 
protein does not lead to carbonyl deriva- 
tives (Table 1). Carbonyl groups are not 
formed in the conversion of His to Asp, of 
Pro to hydroxyproline or glutamate, of Cys 
to disulfide derivatives, or of Met to methi- 
onine sulfoxide. Realistically, 40 to 50% of 
the protein in old individuals might be 
present in an oxidatively damaged form. 
This estimate is in line with observations 
that the amounts of GS and G6PDH in rat 
liver hepatoqtes (33) and gerbil brain (34) 
of old animals are only 40 to 60% of the 

Table 1. Amino acid residues of protein that are 

amounts found in young animals and that 
the amounts of GS and creatine kinase in 
the human brain in old individuals are only 
50 to 55% of the amounts found in young 
individuals (3 1). 

Age-Related Changes in Neutral 
Alkaline Protease Activity 

The age-related increase in oxidized protein 
in rat liver hepatocytes and in the gerbil or 
human brain is accompanied by a progres- 
sive decrease in the amount of neutral 
alkaline protease activity (31, 33, 34). 
There is, in fact, an inverse linear relation 
between the amount of catalytically inac- 
tive forms of GS and G6PDH that accumu- 
late in rat hepatocytes during aging and the 
amount of neutral alkaline protease (2, 33). 
This raises the possibility that the accumu- 
lation of damaged protein in older individ- 
uals is a result of a loss in the ability to 
degrade it. 

Age (months) DaY 

Fig. 4. Effect of age and PBN treatment on 
amounts of oxidized protein, GS activity, and 
neutral alkaline protease activity of the gerbil 
brain. (A) Comparison of 3-month-old and 15- 
to 18-month-old gerbil brains. (6) Changes 
during chronic treatment (twice daily injections, 
35 mg per kilogram of body weight) with PBN. 
(C) Changes after PBN treatment was discon- 
tinued. Replot of data from Carney et a/. (34). 
The values of each parameter measured in the 
brains of old gerbils (15 to 18 months old) were 
normalized to the corresponding values ob- 
sewed with young gerbils (3 months old) that 
were arbitrarily set at a value of 1 .O, as indicat- 
ed by the dashed line. Oxidized proteih (0); GS 
(A); neutral protease (m). 

oxidized by MCO systems. 

Residue modified Product formed References 

Proline 

Arginine 
Lysine 
Histidine 
Methionine 
Tyrosine 
Cysteine 

Glutamic semialdehyde; glutamate; 
cis-trans-Chydroxyproline 

Glutamic semialdehyde 
2-Aminoadipicsemialdehyde 
Asparagine-aspartate 
Methionine sulfoxide 
Tyr-Tyr cross-links 
-S-S- cross-links; mixed disulfides 
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Reversal of Some 
Age-Related Changes 

Oliver et al. (35) showed that the free 
radical-mediated tissue damage and protein 
oxidation that occurs during ischemia and 
reperfusion of Mongolian gerbil brains 
could be partially prevented by pretreat- 
ment of the animals with radical spin trap 
tert-butyl-a-phenylnitrone (PBN). In sub- 
sequent studies, Carney et al. (34) demon- 
strated that PBN can also influence aee- 
related changes in the gerbil brain. f h e  
amount of oxidized protein in the brains of 
old (15- to 18-month-old) gerbils is about 
1.8 times that found in young (3-month- 
old) animals, whereas the amounts of GS 
and neutral protease activities in old ani- 
mals were only 60 and 34%, respectively, of 
the amounts in young animals (Fig. 4). 
These age-related changes were accompa- 
nied by an appreciable loss of temporal and 
spatial memory, as measured by the radial- 
arm maze test (36). Chronic treatment of 
an old animal with PBN led to a progressive 
decrease in the amount of oxidized protein 
in its brain and to an increase in the 
amounts of GS and protease activities. Af- 
ter 14 days of treatment, the amounts of all 
three Darameters as well as the extent of 
memory acuity were similar to those found 
in young animals (34). However, when the 
PBN treatment was discontinued, the val- 
ues of all three biochemical parameters 
changed and after 14 days without PBN 
were similar to those found in old animals. 
The use of PBN in these studies was 
prompted by the consideration that it 
would serve as a free radical trap. However, 
not discounted is the possibility that PBN 
owes it effects to the pharmacological ac- 
tion of a metabolically derived product- 
one whose mode of action is unrelated to 
free radical chemistry. 

The Physiological Significance of 
Oxidized Protein Accumulation 

A remarkable feature of living organisms is 
the ability to regulate their metabolism 
such that tKe rate of biodegradative and 
biosynthetic processes can be continuously 
varied to meet changes in biological urgen- 
cy. This is achieved by means of highly 
sophisticated mechanisms for the regulation 
of both the activities and the amounts of 
key enzymes in metabolism. Therefore, sub- 
stantial decreases in the amounts of impor- 
tant enzymes and the accumulation of mas- 
sive amounts of damaged protein as occurs 
during aging seriously compromise cellular 
integrity. Carney et al. (34) showed that 
the age-related spatial and temporal mem- 
ory in old gerbils can be reversed by chronic 
treatment of old animals with PBN. This 
indicates linkage between the age-related 

accumulation of damaged protein and the 
loss of an important physiological function. 

The Origin of Protein 
Carbonyl Groups 

Some amino acid residues are converted to 
carbonyl derivatives by active oxygen spe- 
cies produced by ionizing radiation, by 
MCO systems (Table I), and by ozone. 
That oxygen free radicals are implicated in 
the production of protein carbonyl deriva- 
tives in vivo is indicated by the results of 
studies showing that the amounts of protein 
carbonyl groups in rat hepatocytes increase 
nearly 3.3-fold when rats are exposed to 
100% oxygen for a period of 48 hours (37) 
and also by the demonstration that there is 
a significant increase in the protein carbo- 
nyl content of the gerbil brain during ische- 
mia .and reperfusion (35). Nevertheless, 
direct oxidation of amino acid side chains is 
not the only way that carbonyl groups can 
be introduced into protein (Fig. 5). Glyca- 
tion involves the interaction of reducing 
sugars with the E amino group of Lys resi- 
dues to form Schiff bases, which undergo 
Amidori rearrangement to form ketoamines 
(38). Alternatively, the sugar can be oxi- 
dized to form a ketoaldehvde derivative that 
can react with Lys residues to produce a 
Schiff base derivative possessing a carbonyl 
function (39). These glycation products 
react further to yield highly fluorescent 
brown pigments of unknown structure 
(Maillard products) whose concentrations 
increase with the age of the animal (40). It 
is not known whether Maillard products 
c~ntribute significantly to the pool of pro- 
tein carbonyl groups. 

Esterbauer and co-workers (41, 42) have 
shown that the free radical-mediated oxi- 
dation of polyunsaturated fatty acids leads 
to the production of a,p-unsaturated alde- 
hydes, especially 4-hydroxynonenal; these 
may react with the sulfhydryl groups of 
proteins, through a Michael addition type 
of mechanism, to form stable thioether 

derivatives that possess a carbonyl function 
(Fig. 5) (42). In the course of efforts to 
develop procedures for the detection and 
quantitation of such protein thioether ad- 
ducts (43), it was discovered that a,@- 
unsaturated aldehydes undergo facile reac- 
tions with His and Lys residues, probably by 
means of Michael addition reactions (Fig. 
5), to form adducts that possess carbonyl 
groups. Highly sensitive assay procedures 
for the quantitation of Michael-type ad- 
ducts of 4-hydroxynonenal with His, Cys, 
and Lys residues of proteins have been 
developed (44). By means of these proce- 
dures, it was determined that the Michael 
addition reaction accounts for less than 
10% of the age-related increase in protein 
carbonyl content of rat hepatocytes (44). It 
remains to be deterpined whether glyca- 
tion contributes significantly to the age- 
related increase in protein carbonyl con- 
tent. 

The Molecular Basis of Oxidized 
Protein Accumulation 

The age-related increase in the amount of 
oxidized protein can be explained by either 
an age-dependent increase in the rate of 
  rote in oxidation or a decrease in the abil- 
ity to degrade oxidized protein. An increase 
in the rate of protein oxidation could reflect 
changes in any one of a large number of 
factors: (i) an increase in the rate of 0, 
delivery to cells, as might occur by changes 
in the amounts of allosteric effectors that 
govern the binding affinity of hemoglobin 
for 0,; (ii) a deficiency in the transfer of 
electrons that favors the build-up of re- 
duced flavoproteins that then undergo auto- 
oxidation to form H,O,; (iii) an increase in 
the availability of Fe(I1) or Cu(I1) by 
changes in the efficacy of metal binding 
proteins and chelating agents; (iv) deple- 
tion of the reduced glutathione amount 
that would restrict the ability of glutathione 
peroxidase to scavenge H20, and alkyl 
peroxides; (v) a decrease in the amount of 

Fig. 5. Generation of protein car- 
bonyl groups by glycation and 
reactions with a,p-unsaturated al- 
dehydes. P-NH,, E amino group 
of Lys residues of proteins; P-SH, 
cysteinyl sulfhydryl groups of pro- 
teins; P-His, histidyl residues of 
proteins; PUFA, polyunsaturated 
fatty acids; "O,," activated oxy- Con'UaatlonwM a'5u-rated 

gen species. 
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active oxygen scavengers (superoxide dis- 
mutase, catalase, glutathione peroxidase, 
bilirubin, vitamin E, carotenoids, uric acid; 
and (vi) changes in the concentrations of 
substrates that protect enzymes from oxida- 
tive modification. A decrease in the ability 
to degrade oxidized proteins could reflect 
changes in the amounts or activities of the 
proteases that degrade oxidized proteins or 
in the concentrations of metabolites that 
inhibit protease activities. The importance 
of the protease activity is highlighted by the 
fact that the accumulation of oxidized Dro- 
tein varies inversely with the amount of 
neutral alkaline protein activity and espe- 
cially by the observation of Carney et al. 
(34) that chronic treatment of old gerbils 
with PBN resulted in an increase in the 
neutral protease activity in their brains and 
coincidentally led to a reversal of several 
age-related changes, including the restora- 
tion of temporal and spatial memory func- 
tion and of oxidized protein amounts to 
amounts similar to those found in young 
animals. 

It is of particular interest, however, that 
when the treatment of old gerbils with PBN 
was discontinued, the values of all parame- 
ters tested reverted to those characteristic 
of the old animal before PBN treatment. 
Thus, the PBN therapy could overcome 
some manifestations of old age, but it was 
unable to effect permanent reversal of the 
disorders, which indicates that genetic 
changes may be responsible for these man- 
ifestations. This observation and the results 
of earlier studies showing that.the amount - 
of oxidized protein in cultured human fibro- 
blasts varies with the age of the fibroblast - 
donor and is independent of the cell passage 
number, at least over the intermediate 
range of passages (30), suggest that the 
intracellular amount of oxidized protein is 
genetically specified and is a fairly stable 
phenotypic characteristic of cells. The pro- 
gressive increase in the amount of oxidized 
L7 

protein with age might be explained by the 
accumulation of oxygen free radical damage 
that leads one by one, in random fashion, 
to imoairment in some of the numerous 

functions that govern the balance 
between protein oxidation and protein deg- 
radation. If so, validation of the concept 
will be difficult, if not impossible, because 
the- combination of genetic defects that 
dictate the amount of oxidized protein in 
one individual may be different from those 
that determine the same amount in another 
individual. For example, mutations in one 

or more of the many genes that govern the 
concentration and activity of the proteases 
that degrade oxidized protein could be phe- 
notypically indistinguishable from a variety 
of mutations that affect the rate of active 
oxygen generation or the amounts of scav- 
enger enzymes and anti-oxidant metabolites 
that collectively determine the rate of pro- 
tein oxidation. 

But whatever the mechanism, the re- 
sults of the studies with the gerbil brain 
indicate that the accumulation of oxidized 
proteins may be involved in the age-related 
loss of some physiological functions. The 
demonstration that chronic PBN treatment 
can restore some of these functions is reason 
for hope that a pharmacological interven- 
tion may be found to ameliorate age-related 
disorders. 
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