
Amino Acids (2003) 25: 397–407

DOI 10.1007/s00726-003-0025-9

Protein oxidation in aging: endoplasmic reticulum as a target

Review Article

D. van der Vlies 1, J. Woudenberg2, and J. A. Post2

1 Erasmus MC, Department of Internal Oncology – Josephina Nefkens Instituut, Rotterdam, The Netherlands
2 Department of Molecular Cell Biology, Institute of Biomembranes, Utrecht University, Utrecht, The Netherlands

Received December 7, 2002

Accepted May 8, 2003

Published online August 28, 2003; # Springer-Verlag 2003

Summary. Oxidatively modified proteins have been shown to correlate

with the age of an organism or its tissues. An increase in tissue-susceptibility

to experimentally induced protein oxidation not only depends on tissue type

and age, but also on the maximum lifespan potential of the species. A

general, although tissue dependent, decline in anti-oxidative defenses dur-

ing aging may very well be responsible for this difference in vulnerability. In

addition, the level of protein modifications also depends on the nature and

the subcellular localization of the proteins involved. Damage to the endo-

plasmic reticulum (ER), and its subsequent impaired functionality may be

involved in the process of aging. This is suggested by; (1) an upregulation of

ER stress-response chaperones, (2) a preferential oxidation of ER-resident

proteins and, (3) a disturbance of calcium homeostasis. Therefore, this

review will focus on the putative involvement of the oxidized endoplasmic

reticulum in the process of aging.
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1. Introduction

During the last decades, evidence has been obtained that

aging is a function of several closely interrelated param-

eters, such as the metabolic rate, caloric intake, genetics,

lifestyle and environmental factors (Schoneich, 1999). But

what is aging? Biological aging could be defined as, ‘‘A

complex process in which diverse deleterious changes in

cells and tissues accumulate with advancing age. These

changes cause a loss of cellular function that results in an

increased mortality and represents a major risk factor for

age-related diseases like cancer, diabetes mellitus, rheuma-

toid arthritis, neurodegenerative, and cardiovascular dis-

eases.’’ Due to its complexity, a very large number of the-

ories have been proposed to explain the process of aging

(Merker et al., 2001). For example, the aging process has

been attributed to molecular cross-linking (Bjorksten,

1968), changes in immunologic function (Walford, 1974),

free radical damage (Harman, 1993), cellular senescence

(Hayflick and Moorhead, 1961), telomere shortening

(Kruk et al., 1995), mitochondrial DNA damage (reviewed

in (Sastre et al., 2002)) and most recently to the Maillard

reactions of DNA (Baynes, 2002).

Although no single theory is completely accepted as

being the single cause of aging, it is now beyond doubt

that reactive oxygen species (ROS) generated in vivo, play

a role in aging, as already proposed in 1956 (Harman,

1956). This free radical theory of aging has evolved since

then (reviewed (Beckman and Ames, 1998)). Due to the

high reactivity of several oxygen intermediates, many

lipids, proteins and DNA are substrates for oxygen-

mediated alterations. Since cellular reactive by-products

of normal metabolism also lead to damage, this theory

has recently been extended to the oxidative ‘‘garbage ca-

tastrophe theory’’ where ROS or reactive oxygen inter-

mediates are responsible for the accumulation of age-

related cellular damage of biomolecules (Terman, 2001).

According to this theory, aging may derive from imperfect

clearance of oxidatively damaged, relatively indigestible

material, the accumulation of which further hinders cellu-

lar catabolic and anabolic functions and mainly affects

postmitotic non-proliferating cells. Further support is pro-

vided by the finding that overexpression of enzymes that

prevent the generation of radicals, like superoxide dismu-

tase (SOD) and catalase (Orr and Sohal, 1994; Parkes et al.,

1998), or that reduce oxidized proteins, like methionine



sulfoxide reductase A (MSRA) (Ruan et al., 2002), extend

the lifespan of the fruit fly Drosophila melanogaster mark-

edly. SOD dismutates superoxide (O2��) to form hydrogen

peroxide (H2O2), which is subsequently broken down by

catalase to water and oxygen. MSRA catalyzes the repair

of oxidized methionine in proteins by reducing methionine

sulfoxide back to methionine. In agreement with this,

mutations in the age-1 gene of Caenorhabditis elegans

result in an age-specific increase in the activity of catalase

and Cu=Zn-SOD and double the life span (Vanfleteren,

1993).

Moreover, it has been shown that, in fibroblasts from

individuals with the premature aging diseases progeria or

Werner’s syndrome, the levels of oxidatively modified

proteins are significantly higher than age-matched con-

trols (Oliver et al., 1987). In addition, the basal levels of

the primary antioxidant enzymes Mn-SOD, catalase and

glutathion peroxidase were found to be decreased in

progeria fibroblasts (Yan et al., 1999). These findings

also suggest a contribution of ROS-mediated damage to

the accelerated aging process characteristic for these

diseases.

So, whether or not radicals determine life span, it is

becoming increasingly apparent that they play an impor-

tant role in the (patho)physiology of aging (Stadtman,

2002). After a short overview of the different aging the-

ories and the relation between caloric restriction and pro-

tein oxidation, this review will focus on the putative in-

volvement of the endoplasmic reticulum in the process of

aging.

2. Age-related protein oxidation

It is now well established that biological aging correlates

with the accumulation of chemically modified biomolecules

in tissue such as oxidized proteins, lipids, DNA bases,

advanced glycation end-products and lipofuscin. Studies

on oxidatively modified proteins have revealed an age-

related increase in the level of protein carbonyl content

(Levine, 2002), oxidized methionine (Wells-Knecht et al.,

1997), protein hydrophobicity (Meucci et al., 1991), cross-

linked proteins (Squier, 2001) and glycated proteins

(Baynes, 2001) as well as the accumulation of catalytically

less active enzymes (Friguet et al., 1994; Oliver et al., 1987;

Rothstein, 1984; Zhou and Gafni, 1991) that are more sus-

ceptible to heat inactivation and to proteolytic degradation

(Stadtman, 2001). In order to find out about the role of

protein oxidation in the aging process, stable markers of

ROS-induced oxidation are required. Several possibilities

may be the cause of an increase in the steady-state level

of oxidatively modified proteins. These include (1) an

increase in the formation of oxidizing species (Schoneich,

1999), (2) a decreased capacity to scavenge those species

(Sohal et al., 1990), (3) an increased susceptibility of the

proteins to become oxidized as a consequence of transcrip-

tional and translational errors (Dukan et al., 2000), and (iv)

a decrease in the levels or activities of the proteasome

(Petropoulos et al., 2000) or proteases that selectively de-

grade oxidized proteins (Giulivi and Davies, 1993).

Although remarks can be put forward about the accu-

racy of the assays used or the stability of the formed

products several protein oxidation markers have been

shown to relate with aging. In Table 1 age-related protein

oxidation markers are presented of both extracellular and

intracellular proteins as well as the tissues they originate

from; these modifications are further discussed in the text.

One of the best-known markers of age-related protein

oxidation is the carbonyl group. The carbonyl content of

proteins has been observed to increase with age (Berlett

and Stadtman, 1997; Dean et al., 1997; Levine, 2002;

Linton et al., 2001). While an increase in carbonyl content

was measured in most regions of the mouse brain between

the age of 8 to 27 months, age-associated loss of protein

sulfhydryls was more uniform across brain regions.

Table 1. Specific protein oxidation markers, in extra- (1–3) and intra-

cellular (4–9) proteins from human tissue, that correlate with aging

Tissue Marker

1. Skin collagen N"-(carboxymethyl)-lysine (CML)

N"-(carboxymethyl)-hydroxylysine (CMHL)

pentosidine

o-tyrosine

methionine sulphoxide (MetSOx)

2. Articular cartilage CML

N"-(carboxyethyl)-lysine (CEL)

pentosidine

3. Lens protein CML

L-3,4-dihydroxyphenylalanine (L-DOPA)

o,o0-dityrosine

3-hydroxy valine

4. Brain protein protein carbonyl content

5. Kidney protein carbonyl content

6. Liver MetSOx

o,o0-dityrosine

7. Cardiac muscle o,o0-dityrosine

o-tyrosine1

protein carbonyl content

8. Skeletal muscle o,o0-dityrosine

1 The correlation of o-Tyr with aging in cardiac muscle is rather uncertain
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Dietary restriction resulted in reversal of age-associated

carbonyl and sulfhydryl concentration and was found to

retard age-associated decline in learning and coordination

problems (Dubey et al., 1996). A comparison of ad libitum

fed and dietary restricted mice at 9, 17 and 23 months of

age indicated that the protein carbonyl content in the

brain, heart and kidney increased with age and was sig-

nificantly greater in the ad libitum fed group in each organ

and at each of the three ages (Sohal et al., 1994). How-

ever, the accuracy of the assays used to determine the

carbonyl content has been seriously questioned (Ayala

and Cutler, 1996), since carbonyls may also be derived

from other sources besides oxidation of amino acid resi-

dues, such as collagen crosslinking, or glycosylation of

proteins (Levine et al., 1994). In addition, nucleic acids

also contain carbonyl groups. The main carbonyl products

of metal-catalyzed oxidation of proteins in vitro have been

shown to be glutamic and aminoadipic semialdehydes

(Requena et al., 2001).

Other markers may be derived from ROS-induced protein

oxidation, but may be susceptible to further reactions. For

this reason, a marker like L-DOPA (L-3,4-dihydroxyphenyl-

alanine), a product of tyrosine oxidation, is not an ideal

marker for protein oxidation. Protein-bound DOPA may

be further oxidized to dopaquinone or directly degraded

by proteinases, releasing free DOPA. Subsequently, DOPA

may form Michael adducts with free amino acids such as

cysteine or may be excreted via the urine as free DOPA or as

cysteinyl-DOPA (Davies et al., 1999; Rodgers, 2000). Ty-

rosine residues may be oxidized by hypochlorite, peroxyni-

trite or by radicals formed in transition metal ion-catalyzed

Fenton and Haber-Weiss reactions (e.g. hydrogen peroxide=

Fe2þ ) (Davies, 1987; Heinecke et al., 1993; Van der Vliet,

1995). The ensuing tyrosyl radicals may form intra- or inter-

molecular o,o0-dityrosine bonds (Aeschbach, 1976). Levels

of o,o0-dityrosine have been shown to increase with age in

human lens (Wells-Knecht et al., 1993), and cardiac and

skeletal muscle of ad libitum fed mice (Leeuwenburgh

et al., 1997). Caloric restriction prevented the increase in

o,o0-dityrosine levels in these animals. Moreover, the oxida-

tion-dependent increase of hydrophobicity of rat liver pro-

teins was even correlated with an increase in the levels

of methionine sulfoxide (MetSOx) and of o,o0-dityrosine

(Chao et al., 1997).

Several other oxidized residues, like hydroperoxides of

amino acid side chains are highly unstable. Some oxida-

tion products, like cystine, are inappropriate markers

being a natural product as well as a ROS-induced oxida-

tion product, while N-formylkynurenine (an oxidation

product of Trp) can be generated enzymatically. MetSOx

and disulfides may be enzymatically reduced, resulting in

an underestimation of the oxidation levels, whereas other

species, like 4-hydroxyproline, coelute with their stereo-

isomer, making it a poor marker. Besides the accumula-

tion of glycated proteins in lens (see below), extensive

hydroxylation of protein-bound amino acid residues has

been shown to associate with the development of age

related cataract (Fu et al., 1998). The relative abundance

of the oxidized amino acids in these lens protein (assessed

per parent amino acid) is L-3,4-dihydroxyphenylalanine

(DOPA) > o- and m-tyrosine > 3-hydroxyvaline, 5-hy-

droxyleucine > dityrosine.

In the study of age-related increases in levels of oxidized

material, disparities have been observed between intracel-

lular and extracellular proteins. In extracellular proteins,

the levels of oxidative markers were found to increase more

with age than in intracellular proteins (Linton et al., 2001).

This disparity might be explained by a difference in turn-

over between extracellular (hours-days) and intracellular

proteins (minutes-hours). The difference in homeostatic

control between extra- and intracellular proteins might also

play a role. Upon extracellular radical damage, a lack of

availability of antioxidants, reductants and repair mecha-

nisms might explain the higher extracellular levels of oxida-

tive modifications. Furthermore, disparities were observed

in levels of oxidized proteins in the organs liver, skeletal

muscle and eye lens. These differences may be based on

different metabolic rates in these organs. Higher metabolic

rates in mice may also account for disparities in rates of

ROS production and protein oxidation between mice and

rats. In mice, higher levels of oxidized protein have been

observed as compared to rats (Linton et al., 2001). In the

cardiac muscle of aging mice, an increase in the levels of

o-tyrosine has been observed, in contrast with the cardiac

muscle of rats (Linton et al., 2001). So the correlation of

o-tyrosine with aging in cardiac muscle is rather uncertain.

In several studies on the eye lens (Dean et al., 1997;

Thomas and Mallis, 2001), increases in protein carbonyls,

MetSOx, L-DOPA, o- and m-tyrosine, Val and Leu hydrox-

ides and the oxidation of Cys residues to sulfinic acids and

cysteic acid have been reported with aging as well as a loss

of Met and Cys. Together with the markers, presented in

Table 1, the accumulation of these markers gives growing

evidence for the age-related accumulation of oxidized pro-

teins in extracellular tissue. As for intracellular proteins, an

age-related accumulation of oxidized proteins still requires

further proof, although a decrease in cellular antioxidant

defense as well as an increase in intracellular protein

oxidation has been reported several times (Berlett and

Stadtman, 1997; Stadtman, 1992).
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3. Oxidation of long-lived proteins

For the study of aging and age-associated phenomena,

long-lived extracellular biomolecules are of fundamental

interest. Some of the longest-lived proteins of the body, the

crystallins, can be found in the ocular lens. Their low turn-

over has made crystallins a subject of widespread research

activity in determining various posttranslational modifica-

tions of aged proteins (Merker et al., 2001). Next to crystal-

lins, extracellular proteins like collagen and elastin have a

longer lifetime, making them also suitable for studying

age-associated phenomena (Bailey et al., 1998). Perhaps

the most important changes in collagen and elastin with

age involve the formation of intermolecular cross-links.

These cross-links are initially formed (through lysyl oxi-

dase) to provide an optimum function during development

and maturation, but can subsequently over-stiffen and com-

promise the structure and function of the fibers throughout

the body when present in excess (Bailey, 2001).

A second process of cross-linking is based on the reac-

tion of proteins with glucose or its metabolites that occurs

with age as the turnover of the proteins is reduced to a

minimum for that particular tissue (Baynes, 2001). The

end-stage products of Maillard reactions in biological sys-

tems is the result of rearrangement, dehydration, oxidation

and fragmentation reactions of glucose or its adducts to

protein and are known as advanced glycation end-products

(AGE) (Baynes, 2001). AGEs play an important role in the

pathogenesis of angiopathy in diabetic patients and in the

aging process. About a dozen different AGEs have been

identified of which several are known to accumulate with

age, particularly in long-lived proteins such as collagens

and crystallins. N"-(carboxymethyl)lysine (CML in Table

1) is formed on oxidative cleavage of carbohydrate adducts

to lysine residues in glycated proteins in vitro (Ahmed et al.,

1988) and has shown to accumulated in aged human lens

(Dunn et al., 1989). Another AGE that has shown to accu-

mulate with aging is pentosidine (Dyer et al., 1993; Verzijl

et al., 2000). Pentosidine, named after the reaction of pen-

toses with proteins, forms crosslinks between arginine,

lysine, and a pentose (Sell et al., 1991). In concert with

CML and pentosidine, formed during glycoxidation of col-

lagen in aged human skin (Cefalu, 1995), ortho-tyrosine

and methionine sulfoxide are formed (Dunn et al., 1991;

Dyer et al., 1993; Wells-Knecht et al., 1997). An acceler-

ated rate of this age-dependent chemical modification of

collagen was observed in diabetes (Vlassara, 2002), but

could not be subscribed to a general increase in oxidative

stress in this disease. A marked increase of CML and pen-

tosidine, and N"-(carboxyethyl)lysine to a lesser extend

were also found in articular cartilage collagen, which

may very well contribute to the more rigid and fragile

nature of cartilage with advancing age (Verzijl et al., 2000).

In view of all the above-mentioned complications only

a few side chain oxidation products are appropriate mark-

ers for measuring age-related increases in protein oxida-

tion. For measuring these increases, immunologic meth-

ods may be used as well as GC=MS and HPLC (Davies

et al., 1999). An alternative approach might be the intro-

duction of probes, which will covalently label oxidatively

modified proteins. We recently introduced of a probe,

denoted as TyrFluo, which only labels oxidized proteins

and which has made it possible to detect intracellular

and extracellular oxidized proteins (Van der Vlies et al.,

2001). The probeconsists of a fluorescein-labelled tyro-

sine analogue (i.e. tyramine) that upon oxidation by

ROS is converted into a tyrosyl radical that can form

cross-links with oxidized target proteins. As a result of

this coupling reaction these proteins become fluorescently

labelled and thus can be visualized by fluorescence micros-

copy. Further more the covalently modified proteins can

be detected on a Western-blot by immunodetection using

an anti-fluorescein antibody. The non-membrane per-

meant TyrFluo has been used to label cell surface pro-

teins. Acetylation of TyrFluo (AcetylTyrFluo) makes the

probe membrane-permeable so that intracellular proteins

can be labelled. (The nature of the detected proteins will

be discussed later)

4. Aging and the endoplasmic reticulum

As referred to above, there are numerous (oxidative) the-

ories of aging. As we will discuss here damage to the

endoplasmic reticulum (ER), and its subsequent impaired

functionality may be involved in the process of aging.

There are several phenomena that suggest its involvement

in the aging process, like (1) the upregulation of ER stress

response chaperones, the expression of which is decreased

upon caloric restriction, (2) the susceptibility towards oxi-

dation of ER resident proteins that are involved protein

folding and, (3) impairment of maintaining the calcium

homeostasis.

In this perspective it is noteworthy that in age-related

neuronal diseases ER dysfunction has been reported

(Paschen, 2001). Whereas the ER-associated degradation

of misfolded proteins is affected in Parkinson’s disease, it

is the unfolded protein response that is down-regulated in

Alzheimer’s disease and the ER calcium homeostasis that

is disturbed in ischemia.
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4.1. Caloric restriction and stress

response proteins

Caloric restriction, the only method known for extending

life span, delays most age-related physiologic changes and

is the most effective means known for reducing cancer inci-

dence and increasing the mean age of onset of age-related

diseases and tumors (Weindruch and Walford, 1982). The

process of aging has shown to be associated with specific

gene expression profiles, indicative of a marked stress

response and lower expression of metabolic and biosyn-

thetic genes of individual organs (Weindruch et al., 2001).

When compared at the same chronological age, strains of

short-lived mouse contain higher levels of oxidized proteins

than the longer-lived strain (Sohal, 1993).

The beneficial age-associated effects of caloric restric-

tion are reflected in, (1) an inhibition of accumulation of

oxidatively damaged proteins (Lass et al., 1998; Youngman

et al., 1992), (2) a reduction of enzyme activity decline in

old rats (Aksenova et al., 1998), (3) a significant decrease

of H2O2 production of rat liver mitochondria correlating

to a significant reduction of oxidative damage to mtDNA

(Lopez-Torres et al., 2002), and, (4) alterations of gene

expression, which suggests that caloric restriction retards

the aging process by causing a metabolic shift toward

increased protein turnover and decreased macromolecular

damage (Lee et al., 1999; Weindruch et al., 2002).

The glucose regulated proteins (GRP) are a family of

stress-induced molecular chaperones (Little et al., 1994).

Expression of these proteins is induced in cultured cells by

agents that interfere with the normal glycosylation, folding

or assembly of proteins in the endoplasmic reticulum

thereby increasing the level of misfolded proteins (Lee,

1994). The importance of protein oxidation in biological

aging is reflected in the age-dependent upregulation of

stress response genes that process damaged or misfolded

proteins (Lee et al., 1999). Therefor, the influence of die-

tary energy restriction on expression of the ER associated

chaperone RNA was investigated in mice liver (Dhahbi

et al., 1997; Spindler et al., 1990). Although extreme glu-

cose deprivation increases GRP mRNA levels in cultured

cell lines, physiologically relevant reductions in blood glu-

cose, as a consequence of long-term energy restriction, had

the opposite effect in the liver, in vivo. It was suggested that

life-prolonging energy restriction might act to reduce mis-

folded proteins in the endoplasmic reticulum of hepatic

cells since the expression of nearly all endoplasmic reticu-

lum chaperones responded rapidly and specifically to die-

tary energy in mice. A reduction of hepatic expression

of the mRNA’s of GRP78 (BiP), GRP94 (endoplasmin),

GRP170, ERp72, ERp57, calreticulin and calnexin but no

change in protein disulfide isomerase (PDI) was observed.

PDI is responsible for isomerisation of protein disulfide

bonds during or shortly after synthesis to yield proteins

with native disulfide bonds (Freedman, 1984). ERp72

and ERp57 are also involved in the rearrangement of both

intrachain and interchain disulfide bonds in proteins to

form the native structures since they possess the thiol-

dependent reductase activity of PDI (Lundstrom-Ljung

et al., 1995) and cysteine protease activity (Otsu et al.,

1995).

4.2. Oxidation of ER proteins

that are involved protein folding

The mitochondrion and the peroxisome as major sites of

ROS production in the cell are well protected against oxi-

dative damage by anti-oxidant enzymes. Thus superoxide

anion produced in the respiratory chain is converted by

Mn-SOD whereas H2O2 produced in the peroxisomal �-

oxidation is degraded by catalase. Such a defense mecha-

nism has not been described for the ER and may play a

role in the recent observation that particularly proteins of

the ER are susceptible to oxidation by H2O2 (Van der Vlies

et al., 2002). Upon incubation of fibroblasts with 10�M

H2O2 we identified, by use of the earlier discussed

membrane-permeable probe (acetylTyrFluo) (Van der

Vlies et al., 2001), proteins of the folding=quality control

system in the ER of normal human dermal fibroblasts as

the major targets for this oxidative stress. These proteins

included BiP=GRP78 (Immunoglobulin heavy chain

binding protein or 78 kDa glucose-regulated protein),

calnexin, GRP94=endoplasmin, protein disulfide isomerase

(PDI), and protein disulfide isomerase ER-60 precursor

(also known as ERp60=58 kDa microsomal protein=p58

=GRP58=ERp57) that are all known to reside in the ER

lumen. Since H2O2 itself is a weak oxidant it must be con-

verted into highly reactive hydroxyl radical (OH�) for pro-

teins and TyrFluo to become oxidized. Given the very short

lifetime of the OH� (<10� 6 sec) we infer that the radical

formation most likely occurs in the ER. Here H2O2 may be

converted into OH�. by cytochrome P450 enzymes. It has

been shown that cytochrome P450 can operate in vitro as

a peroxygenase using peroxy compounds as the oxygen

donor (Nordbloom et al., 1976). Anari et al. (1995) demon-

strated that cytochrome P450 in intact rat hepatocytes

could function as a peroxygenase utilizing tert-butyl-

hydroperoxide. They also showed the involvement of cyto-

chrome P450 in the metabolic bio-activation of cumene
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hydroperoxide and suggested the formation of reactive

radical metabolites in this reaction (Anari et al., 1996).

Another possibility is that H2O2 is converted into OH� by

the Fenton reaction using transition metal ions available in

the ER (Winston et al., 1984).

The ER plays a central role in the synthesis and distribu-

tion of many cellular proteins. Before proteins can be trans-

ported towards their final destination, disulfide bonds essen-

tial for a proper folding have to be formed (Braakman,

1991). A requirement for this oxidative protein folding is a

high redox-state (Braakman, 1992), which implies that there

must be an optimum ratio of thiol and disulfide (<10). The

typical redox-state of the cytosol is too reducing for forma-

tion of protein disulfide bonds. In the ER lumen, the relative

abundance of the oxidized (GSSG) compared to the reduced

(GSH) form of glutathione has led to the proposal that GSSG

serves as the oxidizing equivalent during protein folding

(Hwang, 1992). The ratio [GSH]=[GSSG] in the ER is 1:1

to 3:1 as compared to 30:1 to 100:1 for the overall cellular

ratio.

It is remarkable that all the Tyrfluo labeled proteins

identified (i.e. PDI, BiP, calnexin, endoplasmin and PDI

precursor ER60=GRP58) reside in the lumen of the ER.

So, an explanation that particularly these proteins are

highly susceptible to oxidation by H2O2 may be found

in the peroxygenase activity of cytochrome P450, or an

ER associated Fenton reaction in combination with the

high redox-state of the ER. Normally, a quality control

mechanism ensures that only correctly folded proteins

exit the ER. Incorrectly folded proteins are retained and

will be degraded. But what if oxidation of the protein

folding machinery occurs? May this lead to an improper

folding and=or accumulation of proteins meant to be

secreted? Will less proteins be secreted and=or be present

at the surface of cells? This will not only hamper proper

cellular function, but might also result in increased oxida-

tive stress. The latter because impaired secretion and

accumulation of proteins in the ER resulted in a large

increase in carbonylated proteins in Saccharomyces cere-

visiae (Sagt et al., 2002).

The ER quality control system includes a number of

chaperones and folding enzymes localized in the lumen or

in the membrane of the ER (Ellgaard et al., 1999). It is

likely that most, if not all, proteins synthesized in the ER

interact with chaperones at some stage of the folding and

maturation pathway. The chaperones bind non-mature

proteins and are thought to assist folding by preventing

irreversible aggregation and misfolding. Exactly how chap-

erones act in concert to guide immature proteins through

the folding pathway, and selectively retain improperly

folded proteins, is not fully understood. Although some

chaperones in the ER are well studied, including PDI,

GRP58, GRP78, GRP94, calnexin, and calreticulin, it is

at present impossible to predict with which chaperones a

specific protein will interact and to predict the conse-

quences of the interaction.

4.3. Oxidation of calcium regulatory proteins

A nonselective oxidation of many cellular proteins has been

suggested during aging since approximately, one-half of

intracellular proteins are oxidized in senescent animals

(Gafni, 1997). However, in the majority of cases the oxida-

tion of one or two amino acids has a minimal effect on

protein function, altering neither the stability nor the func-

tion of the protein (Levine et al., 1996). In contrast, some

proteins are selectively oxidized at critical sites that regulate

their function. The structural and functional consequences

associated with the oxidative modification of unique sites of

calcium regulatory proteins have been identified (Viner et al.,

1999a,b; Yin et al., 2000). Methionines in calmodulin are

oxidized to their corresponding methionine sulfoxides. It

seems that sarco-=endoplasmic reticulum calcium ATPase

pump (SERCA) can be inhibited both by oxidation of its

sylfhydryl groups (Scherer and Deamer, 1986) and nitration

of specific tyrosines on the ATP-binding site (Viner et al.,

1999b). In addition, oxidation by direct attack of hydroxyl

radicals on the ATP-binding site (Xu et al., 1997), which

could be prevented by antioxidant treatment (Adachi et al.,

2002), leads to decreases in ATP-dependent calcium fluxes

across membranes and hence decreased ATP-consumption.

Subsequent depletion of calcium in the ER inhibits protein-

synthesis (Srivastava et al., 1995) and -processing, causing

partially folded proteins to accumulate. This activates the

transcription of ER chaperone genes, such as GRP78=BiP

and GRP94 and calreticulin (Liu et al., 1998) to increases

the capacity of intracellular calcium stores and to prevent

cellular calcium toxicity. This strongly suggests that oxida-

tive modifications contribute to the age-related decline of

function of the SERCA (Pottorf et al., 2000) and the

observed increases in intracellular calcium levels (Squier

and Bigelow, 2000).

On the other hand, a decreased mitochondrial ATP-pro-

duction, as a result of lower ATP-consumption by the ER,

might result in a decrease of ROS production. By reduc-

ing ATP synthesis, reducing equivalents generated in the

mitochondrial matrix can be used in the cytosol to

enhance antioxidant defense mechanisms and cellular

repair processes that minimize the accumulation of oxi-

dized biomolecules (Squier, 2001).
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Prolonged retention of misfolded and incompletely

folded proteins in the ER leads to their degradation. ER-

associated degradation (ERAD) is mainly carried out by

the 26S proteasome located in the cytosol (Bonifacino and

Weissman, 1998). The process occurs in several steps:

terminally misfolded or unassembled proteins are recog-

nized by ER chaperones such as calnexin, GRP78=BiP, or

by other factors such as specific mannose lectins. They are

then retranslocated through the Sec61 channel into the

cytosol (Plemper et al., 1997), deglycosylated (in the case

of glycoproteins), and polyubiquitinated before prote-

asomal degradation. How proteins that are destined to be

degraded are identified and targeted for retrotranslocation

has not been established, but it is likely that the machinery

responsible for protein folding again plays a role in the

selection and preparation of aberrant products for disposal.

5. Glutathione involvement in aging

Glutathione (GSH) is a tripeptide of glutamate-cysteine-

glycine and is involved in a wide variety of biological

reactions such as the maintenance of protein thiol groups

in the reduced state, removal of hydrogen peroxide and

detoxification of xenobiotics. GSH is converted to oxidized

glutathione (GSSG) by seleno-dependent glutathione per-

oxidase (GPx). GSSG is subsequently reduced back to

GSH by glutathione reductase (GSSGR) on the expense

of NADPH. These two enzymes maintain the cellular bal-

ance between GSH and GSSG.

The relative oxidizing environment of the ER compared

to the cytosol, as expressed by the ratio of GSH and GSSG,

was suggested as being a factor contributing to the pre-

ferred oxidation of ER resident proteins. The imbalance

of this ratio creates oxidative stress and logically, the lower

amount of GSH available would give less protection upon

oxidative attack. Until now it is not known whether the ER

glutathione balance or concentration changes during aging.

More and more evidence is obtained that the systemic GSH

concentration decreases with advancing age. In healthy

aging human adults low blood glutathione levels are

observed (Lang et al., 1992). Erden-Inal et al. (2002) found

a positive correlation between age and GPx and a negative

with GSSGR resulting in a low ratio GSH=GSSG in human

erythrocytes. Studies performed on houseflies showed that

H2O2 concentration steadily increases with age and that the

intracellular redox potential becomes progressively more

pro-oxidizing, or less reducing, during the aging process,

since the ratios of reduced=oxidized forms of glutathione,

NAD and NADP decline with age (Sohal et al., 1987). At

the subcellular level both cytosolic and mitochondrial GSH

concentration have shown to be lower in old than in adult

ad libitum fed rats (Armeni et al., 1998). Life prolonging

food restriction did not prevent this decrease, but its extent

was attenuated considering the cytosolic GSH. As regards

the mitochondrial GSH, its content was higher in adult

food restricted animals than in the age-matched ad libitum

fed ones.

6. Conclusions

During biological aging, a progressive accumulation of

errors at the genetic level might lead to a shift in the bal-

ance between protein oxidation and oxidized protein deg-

radation in favor of oxidized protein accumulation and at-

tendant loss of biological function (Berlett and Stadtman,

1997). ROS-induced protein oxidation may lead to protein

fragmentation, through the oxidation of the protein back-

bone, yielding protein carbonyls, and to the oxidation of

amino acid side chains. In order to determine the levels of

oxidative damage stable oxidation markers are required.

As discussed above, in aged extracellular proteins an

increase in the levels of these markers has been shown,

while this increase is still a matter of debate for intracel-

lular proteins. This relative lack of intracellular accumu-

lation may well reflect the relative efficiency, with which

cells can control their intracellular milieu and prevent, or

repair, oxidant-mediated events. Another reason for this

discrepancy between intracellular and extracellular pro-

teins might be the slow turnover rate of extracellular pro-

teins (Davies, 1999). To date, limited data are available

from both human and animal studies, which may be

caused by the rapid excretion of oxidized amino acids

via urine (Davies, 1999).

Through the oxidation of essential cellular proteins,

aging may have deleterious effects on cellular function.

The age-dependent upregulation of ER stress response

genes that process damaged or misfolded proteins may

reflect the importance of protein oxidation for biological

aging (Lee et al., 1999) and a common defense mecha-

nism against these effects in diverse species (Verbeke et al.,

2001). Upregulation of these genes in aging may imply

the presence of accumulated damaged and misfolded pro-

teins in the endoplasmic reticulum caused by improper

folding (Fig. 1). Proper folding requires optimal function-

ing of folding proteins. As a consequence of oxidation

of the ER Ca2þ -ATPases the required calcium concentra-

tion inside the lumen of the ER cannot be established, and

will cause an impaired functioning of the calcium-

binding chaperones. The cytosolic decline of GSH levels

may have its impact in the ER thereby creating a more
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oxidative environment, as expressed by the low ratio of

GSH=GSSG. Oxidation of ER resident proteins will cause

an even further functional decline and will contribute to an

impaired folding as well as a hampered retranslocation of

proteins destined for cytosolic degradation. This accompa-

nied by an age-related decrease in the levels or activities of

the proteasome (Petropoulos et al., 2000) may contribute

to the ‘‘garbage catastrophe theory’’. In addition, dietary

energy restriction showed a reduction in the expression of

these stress response genes. This suggests that life-

prolonging energy restriction might act to reduce damaged

and misfolded proteins in the endoplasmic reticulum.
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