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Protein oxidation can be perceived as essential for the control of intracel-
lular signalling and gene expression on the one hand, but in contrast, a
potentially cytotoxic hazard of aerobic life. Reduction and oxidation of
thiol groups on specific cysteine residues can act as critical molecular
switches, in modulating response to growth factors, apoptotic and inflam-
matory stimuli to name a few. Such oxidative reactions are likely to be
transient and represent low levels of oxidative modification to a protein.
Sustained oxidative stress conditions through absence of essential dietary
antioxidant or low activity of endogenous enzyme scavengers can cause
irreversible damage and loss of function. Such modifications are believed
to be important in many diseases associated with ageing. Therefore, it has
been postulated that diet may exert an influence on the steady state of pro-
tein oxidation and thus offer potential health benefits through preservation
of normal protein function. In the present paper, the current evidence from
in vivo studies on the effects of dietary antioxidants and oxidants on pro-
tein oxidation will be evaluated, and needs for future research will be
highlighted.

Thiol: Antioxidants: Signalling: Lens opacity: Low-density lipoprotein

Introduction

An increased intake of fruit and vegetables is associated with reduced risk of cardiovascular
disease and certain cancers. This association has been attributed to the presence of dietary
antioxidants within these foodstuffs, and their protective effects against macromolecular oxida-
tion (Marchioli, 1999; Methta, 1999; Tribble, 1999).

In the past decade several large studies have been undertaken to evaluate the beneficial
effects of antioxidants taken in isolation or in combination on both hard disease endpoints, i.e.
cancer, cardiovascular disease, and primary endpoints including reduction of oxidised biomole-
cules, such as lipid, DNA and protein (Stephens et al. 1996; GIZZI Prevenzione Investigators,
1999; Aviram, 2000; Carty et al. 2000; Loft & Poulsen, 2000). Of these, antioxidant effects on
protein oxidation in vivo has been the least studied. 
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The present review will focus on published evidence for the modulation of protein oxida-
tion in vivo, in both studies with human subjects and animal studies. The data will be critically
appraised in the light of recent consideration of the intracellular effects of vitamins C, E and
flavonoids.

Are proteins important targets for oxidants?

Proteins make up more than 65 % of the dry weight of most cells and this percentage increases
in certain tissues such as the lens. Furthermore, aromatic and sulfur-containing amino acids
react with the hydroxyl radical at diffusion-controlled rates (Anbar & Neta, 1967). Taken
together these data indicate that proteins may in fact serve as general antioxidants, able to mop
up excessive free radical species including peroxy radicals, peroxynitrite, hypohalous acids and
H2O2 (these species will be collectively considered as mediators of oxidative stress). It has been
suggested that methionine in particular may represent a sink for oxidative attack with little con-
sequence for overall function (Levine et al. 1999).

Oxidative damage to proteins can also be associated with modification of protein function.
One of the first examples of this damage was demonstrated when studying the effects of
selected radicals generated by radiolysis on the enzyme, lysozyme (Adams et al. 1969). Both
the thiocyanate radical (a selective modifier of tryptophan) and •OH were found to inactivate
the enzyme, implying that tryptophan residues are essential for biological activity, now well
established from classical enzymology. Similarly, for �-1-antitrypsin, modification of a single
methionine residue at position 358 rendered the protein inactive (Carp & Janoff, 1979).
Subsequent hydrolysis and amino-acid analysis revealed the presence of methionine sulfoxide.
This was one of the first pieces of evidence linking amino-acid oxidation to denaturation of
proteins and loss of function. 

The importance of protein oxidation in respect of altered function is further exemplified by
formation of Schiff’s base products between histidine and lysine in LDL and lipid-derived alde-
hydes, which causes altered receptor recognition. Whilst native LDL is taken up by endothelial
cells via a feedback-controlled receptor-regulated process, oxidative modification of LDL ren-
ders it a ligand for many scavenger receptors. Scavenger receptors include CD-36, LOX-1 and
the prototypic macrophage SR A I/II, all of which are variably expressed (Steinbrecher, 1999).
Uncontrolled uptake of oxidised LDL is implicated in the pathogenesis of atherosclerosis. Few
data are available on the effects of specific minor modifications to apolipoprotein B. In order to
identify the sequence specificity and nature of oxidative modifications that confer altered prop-
erties on LDL, we have previously described the effects of modified peptides corresponding to
the putative LDLR binding domain on LDL uptake by human umbilical vein endothelial cells
and U937 monocytes (Griffiths et al. 1999). These data showed that modification of LDL by
non-covalent interaction with malondialdehyde-peptide altered recognition of LDL by U937
cells. This evidence supports the hypothesis that limited modification to lysine using malondi-
aldehyde has a functional effect on LDL uptake. In addition, oxidised LDL increases
chemokine receptor 2 protein and mRNA expression on monocytes, and thus may contribute to
monocyte retention and perpetuation in inflammatory, unstable atherosclerotic lesions (Weber
et al. 1999). It remains to be determined whether dietary antioxidants are effective at inhibiting
functional changes by oxidative stress in relation to LDL uptake. Recent work from Azzi’s
group has shown that α-tocopherol can inhibit the CD36 scavenger receptor mechanism in vitro
via a protein kinase C, antioxidant-independent mechanism, indicating a dual route of benefit
from α-tocopherol (Riciarelli et al. 2000). 
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Oxidative modifications to proteins may also act as molecular switches, turning on down-
stream effects. Protein thiol groups on protein-bound cysteine residues are increasingly recog-
nised as having critical roles in receptor function, signal transduction and transcription factor
activation. Membrane-associated Ca-ATPase is an active transporter of Ca against concentra-
tion gradients, to maintain low levels of intracellular Ca in resting cells. However, this activity
is dependent on a redox-active thiol, which can be disrupted by oxidative stress, for example in
sarcoplasmic reticulum Ca-ATPase (Viner et al. 2000). This may be important in oxidative sig-
nalling to cell death via apoptosis which is partially dependent on activation of Ca-dependent
ATPases. 

Evidence for oxidation in protein phosphatase and kinase cascades

Phosphorylation cascades are involved in transducing the signals of many extracellular stimuli
to the nucleus. Oxidant treatment of cells is widely reported to affect activities of protein
kinases and the levels of protein phosphorylation (Abe et al. 1997; Hardwick & Sefton, 1997;
Ruff & Chen et al. 1997). Components of the mitogen-activated protein kinase cascade, an
important signalling pathway in growth activation, contain redox-sensitive sites, thus providing
the potential for modulation via cellular redox status. Indeed, reactive oxygen species can acti-
vate mitogen-activated protein kinase via a Ras-dependent mechanism (Rao, 1996; Aikawa et
al. 1997; Qin et al. 1997). NO can react with cysteine 118 on the surface of Ras to generate a
nitrosothiol, which in turn activates the associated G protein activity (Lander et al. 1996, 1997). 

Protein phosphorylation is balanced by the effects of specific phosphatases that act to
remove protein-bound phosphate groups and reverse the biological effect. Serine threonine and
tyrosine phosphatases are known to be redox-sensitive (Nemani & Lee, 1993; Wang et al.
1996). Phosphatases also contain a redox-sensitive thiol, where the catalytic domain contains a
conserved motif with a single cysteine residue. This contrasts sharply with the effects of reac-
tive oxygen species on protein phosphatase CL100, where oxidative stress has been shown to
be a potent activator (Keyse & Emslie, 1992). This enzyme brakes the mitogen-activated pro-
tein kinase cascade by dephosphorylating mitogen-activated protein kinase, and thus exerts a
regulatory loop on the pathway under situations of oxidative stress. 

The protein kinase C family of proteins is subject to increased activity following oxidative
attack. Selective oxidation within the amino terminal domain, which contains a Zn-thiolate
structure, can activate the pathway, whereas oxidation of the carboxyl terminal by higher con-
centrations of reactive oxygen species inactivates the enzyme (Gopalakrishna & Anderson,
1987, 1989). 

Evidence for protein oxidation in transcription factor, nuclear factor � B and activator
protein 1 activation

Nuclear factor � B is the prototypic model of a redox-sensitive transcription factor (Schreck et
al. 1992; Li & Karin, 1999), where its downstream effects modulate expression of many
inflammation, apoptosis and growth-promoting genes. Normally retained on the cytoplasm in
an inactive complex with inhibitor � B, the protein is released following phosphorylation of the
inhibitor complex. This reaction is catalysed by either of two redox-sensitive inhibitor � kinase
proteins, which contain a cysteine residue in the kinase domain that is essential for function
(Gius & Botero, 1999). However, whilst oxidising conditions promote the transduction of
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nuclear factor � B from cytoplasm to nucleus, the activity of the transcription factor depends on
reducing conditions within the nucleus. The Se-dependent protein thioredoxin reductase has a
key role to play, indicating the importance of dietary Se in effective gene transcription (Mitomo
et al. 1994; Powis et al. 2000). 

Activator protein 1 can be controlled by levels of both oxidants and antioxidants (Manna et
al. 1998; Dalton et al. 1999). The reasons for these contradictory data are unclear. However, it
is clear that fos and jun components of activator protein 1 must maintain thiol residues on cys-
154 and cys-272 respectively for cellular activity (Xanthoudakis & Miao, 1992).

For the most part, subtle changes in local redox state are crucial for signalling and gene
expression, leading to the question of whether antioxidant effects are always desirable.
It is likely that such modifications are sterically restricted away from the effects of hydrogen-
donating antioxidants, as has been suggested in amino-acid oxidation by Fenton reactions
(Stadtman, 1993). It may be suggested that a balance exists between essential oxidative
changes for molecular switching during cell signalling, overall scavenging of excessive reactive
species and oxidative damage to proteins associated with loss of function. In such a scenario,
only protection against the latter may be deemed to be an essential process (see Fig. 1).

Which proteins should be examined for protection against oxidative damage by dietary
antioxidants?

Proteins are distributed in all cellular compartments as well as forming key components of the
extracellular matrix (for example, fibronectin) and maintaining the osmotic pressure of plasma
(for example, albumin). Whilst this may initially be considered a problem, it can offer advan-
tages over examination of DNA oxidation since it is located in only two compartments, the
mitochondrion and nucleus. A similar situation exists with lipids which are present in lipopro-

Low oxidation
retained in limited
microenvironment

Redox
signalling
via transient
protein
oxidation

Antioxidant
protection
against
protein
damage Dietary

antioxidants

Uncontrolled
oxidative
stress

Fig. 1. The balance between biologically acceptable and unacceptable protein oxidation.
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teins and membranes. However, there is no real difference in the rates of reaction of constituent
amino acids, bases or fatty acids, all of which react with the hydroxyl radical at diffusion-
controlled rates (Anbar & Neta, 1967). Instead, the major factors governing which macromole-
cules are preferential targets appear to be size and proximity to radical source.

The analysis of protein function can also give some indication as to whether oxidation of a
particular protein may reflect a useful non-specific scavenging of radicals without consequence
for the protein, or in contrast, a deleterious process. Oxidised immunoglobulin G exhibits
altered function, in particular through interaction with other effectors within the immune sys-
tem (Griffiths & Lunec 1991; Margiloff et al. 1998). Increased Fc receptor activity and C1q
binding may promote an inflammatory response, causing further local tissue damage. The
oxidative modification of apolipoprotein B, the major protein in LDL, is believed to contribute
to its atherogenic potential in vivo (Steinberg et al. 1989; Steinbrecher et al. 1990; Witzum
& Steinberg, 1991). Further studies which address the effects of oxidative stress on sequence-
specific amino acids within proteins will facilitate an analysis of whether certain residues can
act as useful non-specific scavengers without effect on function.

Intracellular protein oxidation is maintained at a tolerable low level via the 20S proteo-
some, which specifically degrades oxidatively modified proteins. However, if cells are subject
to high reactive oxygen species and reactive nitrogen species flux, the proteins may become
aggregated and escape 20S clearance. Whilst oxidative stress itself may inactivate the ubiquitin
proteosomal apparatus, the 20S proteosome is spared (Reinheckel et al. 1998). 

Another consideration, which can be made in examining the protective effects of anti-
oxidants against protein oxidation, is the half-life of the protein. Glycation of haemoglobin A1c
is considered a good long-term index of glycaemic control in diabetics as haemoglobin has a
half-life of 6 weeks. Similarly, a temporal index of oxidative stress and antioxidant protection
may be determined from the study of a protein with a long half-life (Griffiths, 2000). It is evi-
dent that we are not in a position to be able to select an ‘ideal’ protein for analysis, and further
work is required in this area.

Radical charge transfer from proteins

The oxidation of a protein should not be considered as the endpoint of oxidative damage.
Instead, proteins have important roles both as radical generators and radical transfer molecules.

The energy emitted by u.v. light is insufficient to cause photolysis of water. Rather u.v.
light mediates its oxidative damage through direct excitation of susceptible amino acids, such
as tryptophan, in the presence of molecular oxygen. Subsequent charge transfer to dissolved
oxygen in the aqueous environment results in elevated H2O2 concentrations in the immediate
environment of the protein (Robinson et al. 1998). Similarly, singlet oxygen can be generated
from photosensitisation of tryptophan (Singh et al. 1984).

Protein-bound glucose can undergo glycoxidation, whereby the autoxidation of sugar via
dicarbonyl residues generates superoxide radicals adjacent to the protein backbone. Free sugars
may also undergo autoxidation in the presence of catalytic metal ions. Elevated plasma concen-
trations of glucose in diabetes are believed to contribute to enhanced oxidative stress through
these processes although the relative importance of the two pathways remains to be elucidated
(Krapfenbauer et al. 1999).

Elegant studies by Hazell et al. (1999) demonstrate the transfer of radicals following pri-
mary attack of apolipoprotein B by hypochlorous acid, onto the lipid moiety in a second step
involving homolytic reactions from lysine-chloramines. Histone proteins play a central role in
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protecting and organising nuclear DNA; however, it is also susceptible to the effects of oxida-
tive attack resulting in the formation of hydroperoxide species. Radicals generated during Cu-
catalysed degradation of hydroperoxides react with both pyrimidine and purine bases (Luxford
et al. 1999, 2000). Similarly protein-bound 3,4-dihydroxyphenylalanine can promote further
radical-generating events, transferring damage to DNA (Morin et al. 1998).

What products are formed from oxidative damage to proteins?

The process of protein oxidation frequently introduces new functional groups, such as hydrox-
yls and carbonyls, which contribute to altered function and turnover. Improved characterisation
of the effects of protein oxidation has identified a spectrum of secondary effects including frag-
mentation, crosslinking and unfolding, which may accelerate or hinder proteolytic and proteo-
some-mediated turnover, according to the severity of oxidative damage (Grune & Davies,
1997). Crosslinks may arise from formation of interchain disulfide bridges, and associated loss
of free thiols. The determination of total protein thiols, and of protein carbonyl formation are
considered to be generic markers of oxidation, and have been frequently applied biomarkers. 

The complexity of protein structure, comprising the primary sequence and involvement of
carbohydrate moieties in structure stabilisation, together with a lack of specific and sensitive
methodologies has hindered the development of oxidative biomarkers (Davies et al. 1999;
Griffiths, 2000). More recently, interest has focused on the analysis of specific protein-bound
oxidised amino acids. Of the twenty-two amino acids, aromatic and sulfydryl-containing
residues have been regarded as being particularly susceptible to oxidative modification follow-
ing hydroxyl or peroxy radical attack, with L-3,4-dihydroxyphenylalanine arising from tyro-
sine oxidation; ortho-tyrosine from phenylalanine, sulfoxides and disulfides from methionine
and cysteine respectively, and kynurenines from tryptophan. In addition, specific products of
tyrosine can be formed from hypohalous acid attack, for example chlorotyrosine, and from
peroxynitrite attack, 3-nitrotyrosine. Latterly, the identification of valine and leucine hydrox-
ides, reduced from hydroperoxide intermediates, has been described and applied (Fu et al.
1995a,b). Lysine can also undergo limited attack at the C6 atom to yield the corresponding
aldehyde, adipic semi-aldehyde. The author has recently evaluated the relevance of these, and
methods for their analysis have been described elsewhere (Griffiths 2000; Griffiths et al.
2000).

Which dietary components are active in modulating protein oxidation?

The steady state of oxidised protein within an organism reflects both the level of damage
induced and the rate of removal. Therefore, any dietary component that affects oxidative stress,
antioxidant capacity or enzymic degradation is a potential modulator. A recent study in rats
demonstrated that supplementation with diets rich in protein carbonyls had no effect on the lev-
els of plasma protein carbonyls in the animals, indicating that dietary intake of oxidised protein
does not contribute to the measurable steady state of oxidised protein in plasma. Ingestion of
Fe, however, was shown to increase protein carbonyl content, presumably by increasing Fe
availability to catalyse the Fenton reaction (Srigiridhar & Nair, 2000).

Table 1 describes the circumstantial evidence for increased oxidative stress in disease,
where increased markers of protein oxidation are found alongside reduced antioxidant status.
Classical hydrogen-donating antioxidants such as ascorbate, tocopherols and flavonoids have
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been shown to be effective in protecting against oxidative protein damage using in vitro model
systems, and as such may be expected to have a beneficial role in protection against ageing-
related disease. The effects of these antioxidants taken in the diet on protein oxidation are now
addressed.

Effects of dietary antioxidants on protein carbonyl status

We and others have developed an ELISA procedure for quantitative analysis of carbonyl con-
tent on specific proteins (Buss et al. 1997; Carty et al. 2000). This offers the advantages of sen-
sitivity, small sample volume, reproducibility and large sample throughput. Bearing in mind the
caveat that protein carbonyls are a generic marker of oxidation, they appear to be yielding use-
ful information as biomarkers of protein oxidation. They are positively correlated with age, and
the accelerated ageing condition Werner’s syndrome is associated with much greater levels of
plasma protein carbonyls than would be expected on the basis of age alone (Stadtman & Oliver,
1991). We have recently completed a study where a protective effect against protein oxidation
following long-term (15–30 weeks at 400mg/d) vitamin C supplementation is observed (Carty
et al. 2000). In phase I of the study, we examined the response to supplementation in those who
had normal ascorbate concentrations, compared with a second group that had a significantly
(P < 0·01) lower baseline ascorbate status. We noted no significant effect of placebo, where car-
bonyl content was not affected over a 5-week period. This indicates immunoglobulin carbonyl
status remains fairly stable and is not subject to significant interference from diet or pathophysi-
ological processes such as inflammation. However, vitamin C supplementation had no signifi-
cant effect on carbonyl content after 5 weeks, compared with placebo or baseline. This lack of
effect may arise from the lack of complete protein turnover over 5 weeks or a more complex
response to ascorbic acid. This was followed by a significant reduction in plasma immunoglob-
ulin carbonyl content after supplementation with ascorbic acid for 10 and 15 weeks for those
with low baseline ascorbate only. A second supplementation phase was undertaken following
a double-blind, randomised split of the subjects in order to counter any seasonal variation in
antioxidant consumption. 

Within 5 weeks of withdrawal from vitamin C supplementation onto placebo,
immunoglobulin carbonyl levels were significantly higher than in the active supplemented
group (P < 0•01). This finding confirms that the active supplementation is modifying protein
oxidation in vivo. The protective effect was maintained as supplementation continued
(P < 0•05), but was removed at washout demonstrating the reversibility of the effect, when nei-
ther group was receiving active supplementation. 

These data support the hypothesis that ascorbate acts as a scavenging antioxidant in the
context of physiological immunoglobulin oxidation. In contrast to the effects previously
reported on DNA, no evidence for a pro-oxidant effect was observed on proteins (Podmore et
al. 1998). However, this study adopted a dosing regimen of 400 mg/d whereas our previous
study supplemented with 500 mg/d. Antioxidant dose is likely to be an important factor in
determining outcome. In addition, duration of supplementation may affect the outcome. 

An overall weak negative correlation between ascorbate and immunoglobulin G carbonyl
content was observed (r �0•145, P = 0•019). Recently, we have undertaken partial analysis of
the samples from the ASAP study (Porkkala-Sarataho et al. 2000), and have shown a significant
inverse correlation between vitamin C and protein carbonyl status (r �0•575, P < 0•001). The
latter study was undertaken over a 12-month period, compared with a 15-week period in the
former. This again lends support to the hypothesis that longer supplementation periods may
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show greater benefit, and is intrinsically linked to protein half-lives and modulation of turnover
rate.

Wander & Du (2000) have examined the antioxidant effect of vitamin E (0, 100, 200 and
400 mg) in supplementation with 2·5 g eicosapentaenoic and 1·8 g docosahexaenoic acids. The
fish oil had no effect on protein carbonyl content, nor was the presence of 400 mg �-tocopherol
in the diet a modulator of plasma protein carbonyl formation. This study evaluated total plasma
protein carbonyl content, although it is likely from the hydrophobic nature of �-tocopherol, that
it may only offer protection against oxidation in lipophilic microenvironments such as LDL or
membranes.

The effects of dietary Se on protein oxidation (as carbonyls) in preterm infants has been
described (Winterbourne et al. 2000). This study group (173 preterm infants, with birth weight
less than 1500 g) were randomised to receive Se supplements, and plasma samples were col-
lected at 7 and 28 d after birth, and at 36 weeks post-menstrual age. Plasma protein carbonyls
were significantly higher than for adults, but did not correlate with development of chronic lung
disease or retinopathy. Furthermore, levels were not affected by Se supplementation. Oxidative
injury at sites such as the lung or retina may be important in prematurity, and markers from
such sites may give a more sensitive indicator of outcome and supplementation effects.

Marangon et al. (1999) have described the effect of lipoic acid (600 mg/d, n 16) supple-
mentation in healthy human subjects on measures of oxidative stress, with reference to the
effects of �-tocopherol (400 IU/d, n 15). After supplementation for 2 months in isolation and a
further 2 months of co-supplementation, measures of oxidation were analysed and compared
with baseline. Susceptibility to in vitro oxidisability was assessed following incubation with
2,2�-azobis(amidinopropane)dihydrochloride. Lipoic acid was effective in reducing protein car-
bonyls following in vitro oxidation; an effect that was not mimicked by �-tocopherol. This
again may reflect the availability of �-tocopherol to plasma proteins. 

Animal studies of dietary effects on protein carbonyl formation

There are also reports on dietary antioxidant effects on protein carbonyl formation from animal
studies. Supplementation of rat diet with the flavonoid rutin for 18 d causes a reduction in pro-
tein carbonyl content (Funabiki et al. 1999).

Supplementation with �-tocopherol or a combination of �-tocopherol (40 mg/d) and ascor-
bic acid (24 mg/d) for 15 d protects against protein carbonyl formation in Fe-deficient rats
during Fe repletion (Srigiridhar & Nair, 2000).

Tocotrienols have been successfully shown to reduce the protein carbonyl levels in the age-
ing nematode, Caenorhabditis elegans and increase mean life span (Adachi & Ishii, 2000).
Furthermore, they offered protection against oxidative stress induced by u.v. light. These stud-
ies are few in number, but are consistent in demonstrating a protective effect against plasma
protein oxidation by ‘dietary’ intervention. 

There is a significant requirement for standardisation in the many protocols currently
adopted in different laboratories worldwide for the determination of protein carbonyls. This
standardisation can be provided through the preparation of a quality assurance material contain-
ing defined numbers of carbonyl groups. Such a material could be processed through protein
extraction procedures and used to confirm minimal in vitro oxidation. In addition, different pro-
tein hydrolysis methods must be examined, to assess efficiency, yield and potential for artifac-
tual induction of oxidised residues. We have demonstrated the stability of protein carbonyls on
storage for 3 months at �80°C. Such validations are vital before analysis of large numbers of
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samples in a supplementation trial, or indeed in any clinical study. There is also a need for
appropriate internal standard material, which is not subject to oxidative variation. Again, this
may be addressed through the quality assurance procedures.

Effect of diet on protein thiol status

The free thiol group of cysteine readily undergoes reversible oxidation to form a disulfide,
which can be ‘repaired’ in the presence of an hydrogen donor such as glutathione. Further oxi-
dation leads to an irreversible oxidation to cysteic acid (Creed, 1984). Oxidation of the single
amino acid cysteine is also complicated by the observation that the product may be a composite
mixed disulfide. Indeed, in biological systems, the levels of such a product are also indirectly
under the influence of inducible enzymes of the glutathione cycle, and thus inherently related to
changes in gene expression, conditioning and priming. At present there are no adequate proce-
dures available for assaying mixed disulfide formation, and it is likely that the only adequate
methodology may arise from the development of immunological reagents. Analysis of thiols
has been undertaken in antioxidant supplementation studies in human subjects (Keenoy et al.
1999; Carty et al. 2000). In an intervention study in diabetics a non-significant increase in sul-
fydryl status on supplementation was shown (Keenoy et al. 1999), where a similar trend was
observed in normal subjects following ascorbate supplementation (Carty et al. 2000). The
major contributor to plasma sulfydryl status is albumin, which is turned over within 2–3 d, and
oxidation of sulfydryl on other longer-lived proteins may be of greater functional importance.
In plasma, measurements are mainly due to the high thiol content of albumin and its associated
function in transport of small molecules including interfering drugs such as D-penicillamine.
Cellular thiol analysis is confounded by the interrelationship with glutathione and its synthetic
enzymes. Indeed, without any measure of oxidised product, thiol analysis should be considered
a poor marker.

Influence of diet on plasma 2-amino-adipic semialdehyde residues

Lysine can also undergo limited attack at the C6 atom to yield the corresponding aldehyde,
adipic semi-aldehyde. �-Semi-adipic aldehyde is also formed enzymically, and this may
confound some determination of this product. Nevertheless, there have been several papers
from Denmark in the last 2 years that have adopted this biomarker in normal subjects
(Nielsen et al. 1999; Young et al. 1999, 2000). Grape-seed extract, rich in catechins and
phenolics, was used as the active supplement for 1 week in fifteen subjects. However no
effect was seen on protein oxidation (Young et al. 2000). A second study looked at
flavonoid-containing fruit juice in five subjects, again for 1 week at three doses, where the
intakes were 4•8, 6•4 and 9•6 mg quercetin/d. In this study, plasma 2-amino-adipic semi-
aldehyde increased with time and dose, indicating a pro-oxidant effect (Young et al. 1999).
A third study examined parsley, rich in flavone for 1 week in fourteen subjects, providing
3•73–4•49 mg apigenin/MJ. In this study, no significant changes were observed in plasma
protein (albumin)2-adipic semialdehyde residues (Nielsen et al. 1999). The rather inconclu-
sive nature of these studies may be simply a reflection of the lack of statistical power, com-
bined with short duration of supplementation, which must exceed the half-life of the protein
for any effects to be detected. 
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Antioxidant modulation of antibody reactivity with oxidised low-density lipoprotein

Native LDL is not immunogenic; however, oxidation and derivatisation via lipid-derived alde-
hydes can create neo-antigenic determinants. It has been demonstrated that such epitopes can
elicit an immunogenic response, with the specific production of autoantibodies. Therefore the
titre of anti-ox-LDL antibodies may reflect the level of LDL oxidation in vivo. Similarly, antis-
era raised to specific epitopes may be a useful reagent in the direct quantitation of oxidised
LDL by ELISA. Kato et al. (2000) describe the development of antisera to N(epsilon)-hexa-
noyl lysine, a novel adduct formed from the interaction between linoleic acid hydroperoxide
and lysine. This reagent was subsequently used to evaluate the effects of supplementation with
the flavonoid eriocitrin, on skeletal muscle stressed by exercise. A reduction in N(epsilon)-
hexanoyl lysine was observed in supplemented animals, indicating a protective antioxidant
effect.

A recent study in Watanabe heritable hyperlipidaemic rabbits using an antibody against
lysine-malondialdehyde examined uptake of radiolabelled antibody into plaques in animals fed
diets supplemented with dietary vitamins C and E for 6 months (Tsimikas et al. 2000). Those
on normal diets developed lesions rich in modified lysine; however, those fed diets supple-
mented with vitamins C and E showed fewer oxidation specific epitopes (Tsimikas et al. 2000).

Protection by antioxidants against hard disease endpoints

Crosslinking of crystallin proteins in the lens arising from either glycoxidative changes, or u.v.-
derived radicals is believed be an important factor in increasing lens opacity with age. Thus,
protein oxidation in vivo can be monitored over time in a non-invasive way. The effects of
long-term vitamin C supplement use and prevalence of early age-related lens opacity has been
examined in a cohort of 247 women from the Nurses’ Health Cohort. In this study, use of vita-
min C supplements for greater or equal to 10 years was associated with a 77 % lower preva-
lence of early lens opacity (Jacques et al. 1997). These data suggest that long-term
consumption of vitamin C supplements may substantially reduce the development of age-
related lens opacity.

Future directions

It is evident from the body of evidence presented that a ‘fingerprint’ of the oxidising species
present in vivo should be attainable by adopting a broad spectrum of biomarkers which includes
valid markers from each class of macromolecules (DNA, lipid and protein).

There are several techniques and markers with the requisite sensitivity and specificity to be
applied in the evaluation of dietary antioxidants. But what proteins should we study? Is there a
difference between the ability of different antioxidant classes to protect plasma proteins compared
with cellular proteins? What is the subcellular distribution of protein oxidation? How is the break-
down of oxidised proteins via the proteosome affected by antioxidants? Protein sequence infor-
mation on databases such as Swiss PROT (http://www.expasy.ch/sprot/sprot-top.html), may
ultimately allow us to predict susceptible proteins and residues, based on our knowledge of ter-
tiary structural and secondary sequence susceptibility patterns. Together with the advances in
proteomics, our understanding of the differential susceptibility of proteins to oxidative insult will
be further enhanced. The present paper has highlighted the advantages of adopting several bio-
markers for studying in vivo oxidation of proteins and these methods should now be carefully
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applied using quality assurance material to controlled studies of antioxidant intake, to evaluate
the significance of dietary antioxidants in preventing physiological oxidative changes.
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