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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).



2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

2Antioxidants and 21st century nutrition

Contents

About the author                    3

Abstract                     4

1.  Introduction                     5

2.  A brief overview of key antioxidants                 7

3.  Direct evidence of benefit of dietary antioxidants from human studies        10

4.  Antioxidants and functional foods              14

5.  Cardiovascular disease: an example of integrated thinking?          15

6.  Nutrigenomics – not a panacea               17

7.  Conclusions                  18

8.  References                  22

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 
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1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).



2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 
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Abstract

The potential for the dietary supplements and functional foods market is 
considerable. It is generally acknowledged that consumers have accepted the 
ability of supplements to offer protection from a variety of illnesses, from the 
common cold to cancer, and are willing to embrace the concept of functional 
foods under the same premise. Although there are clinically demonstrated 
uses for many dietary supplements, little overwhelming evidence from human 
studies exists to support the widespread use of antioxidants as functional 
food components. The antioxidant hypothesis is based on the assumption that 
antioxidants have the capacity to limit the adverse effects of oxidative 
damage. Although this hypothesis was first proposed nearly fifty years ago, 
issues relating to the types and quantities of antioxidant-rich foods that we 
should consume still remains under debate today; however, it is generally 
agreed that a diet containing significant amounts of antioxidant-rich foods is 
important to prevent the development of age-related diseases. This review 
briefly examines the relevant literature relating to antioxidants, and suggests 
new routes for provision of specific nutritional advice to consumers, namely 
nutrigenomics.

The antioxidant 
hypothesis is 
based on the 
assumption that 
antioxidants have 
the capacity to 
limit the adverse 
effects of oxidative 
damage

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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surveys have 
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body of evidence 
that suggests diets 
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diminish the 
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from CVD and 
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.

8. References

Albanes, D., Heinonen, O.P., Taylor, P.R., Virtamo, J., Edwards, B.K., Rautalahti, M., Hartman, 

A.M., Palmgren, J., Freedman, L.S., Haapakoski, J., Barrett, M.J., Pietinen, P., Malila, N., Tala, E., 

Liippo, K., Salomaa, E.R., Tangrea, J.A., Teppo, L., Askin, F.B., Taskinen, E., Erozan, Y., 

Greenwald, P. and Huttunen, J.K. 1996. Alpha-tocopherol and beta-carotene supplements 

and lung cancer incidence in the alpha-tocopherol, beta-carotene cancer prevention study: 

effects of base-line characteristics and study compliance. Journal of the National Cancer 

Institute 88(21): 1560-1570.

Albanes, D., Malila, N., Taylor, P.R., Huttunen, J.K., Virtamo, J., Edwards, B.K., Rautalahti, M., 

Hartman, A.M., Barrett, M.J., Pietinen, P., Hartman, T.J., Sipponen, P., Lewin, K., Teerenhovi, L., 

Hietanen, P., Tangrea, J.A., Virtanen, M. and Heinonen, O.P. 2000. Effects of supplemental 

alpha-tocopherol and beta-carotene on colorectal cancer: results from a controlled trial 

(Finland). Cancer Causes and Control 11(3): 197-205.

Arab, L. and Steck, S. 2000. Lycopene and cardiovascular disease. American Journal of 

Clinical Nutrition 71(6, Suppl.): 1691S-1695S.

Arthur, J.R. 1999. Functional indicators of iodine and selenium status. Proceedings of the 

Nutrition Society 58(2): 507-512.

ATBC Cancer Prevention Study Group. 1994. The alpha-tocopherol, beta-carotene lung 

cancer prevention study: design, methods, participant characteristics, and compliance. 

Annals of Epidemiology 4(1): 1-10.

Beckman, K.B. and Ames, B.N. 1998. The free radical theory of aging matures. 

Physiological Reviews 78(2): 547-581.

Biewenga, G.P., Haenen, G.R. and Bast, A. 1997. The pharmacology of the antioxidant lipoic 

acid. General Pharmacology 29(3): 315-331.

Block, E. 1998. The organosulphur and organoselenium components of garlic and onions. 

In: Bidlack, W.R. et al., editors. Phytochemicals – a new paradigm: 129-141. Technomic 

Publishing Co. Inc., Basel, Switzerland.

Block, G., Patterson, B. and Subar, A. 1992. Fruit, vegetables, and cancer prevention: a 

review of the epidemiological evidence. Nutrition and Cancer 18(1): 1-29.

Blot, W.J., Li, J.Y., Taylor, P.R., Guo, W., Dawsey, S., Wang, G.Q., Yang, C.S., Zheng, S.F., Gail, M. 

and Li, G.Y. 1993. Nutrition intervention trials in Linxian, China: supplementation with 

specific vitamin/mineral combinations, cancer incidence, and disease-specific mortality in 

the general population. Journal of the National Cancer Institute 85(18): 1483-92.

Chen, C.F., Hwang, J.M., Jao, S.W., Leu, F.J. and Chen, K.Y. 1988. Microencapsulation of tumor 

cells and assay for selecting anticancer drugs. Proceedings of the National Science Council, 

Republic of China 12(4): 252-261.

Chen, C.C., Shieh, B., Jin, Y.T., Liau, Y.E., Huang, C.H., Liou, J.T., Wu, L.W., Huang, W., Young, 

K.C., Lai, M.D., Liu, H.S. and Li, C. 2001. Microarray profiling of gene expression patterns in 

bladder tumor cells treated with genistein. Journal of Biomedical Science 8: 214-222.

Christen, W.G., Gaziano, J.M. and Hennekens, C.H. 2000. Design of physicians’ health study 

II – a randomized trial of b-carotene, vitamins E and C, and multivitamins, in prevention of 

cancer, cardiovascular disease, and eye disease, and review of results of completed trials. 

Annals of Epidemiology 10(2): 125-134.

Collins, A.R., Cadet, J., Moller, L., Poulsen, H.E. and Vin˜ a, J. 2004. Are we sure we know how 

to measure 8-oxo-7,8-dihydroguanine in DNA from human cells? Archives of Biochemistry 

and Biophysics 423(1): 57-65.

Craig, I.H., Phillips, P.J., Lloyd, J.V., Watts, S., Bracken, A. and Read, R. 1980. Effects of 

modified fat diets on LDL/HDL ratio. Lancet 2: 799.

Debril, M.B., Renaud, J.P., Fajas, L. and Auwerx, J. 2001. The pleiotropic functions of 

peroxisome proliferator-activated receptor. Journal of Molecular Medicine 79: 30-47.

DeCosse, J.J., Miller, H.H. and Lesser, M.L. 1989. Effect of wheat fiber and vitamins C and E 

on rectal polyps in patients with familial adenomatous polyposis. Journal of the National 

Cancer Institute 81(17): 1290-1297.

Devaraj, S. and Jialal, I. 2000. Antioxidants and vitamins to reduce cardiovascular disease. 

Current Atherosclerosis Reports 2(4): 342-351.

Diaz, M.N., Frei, B., Vita, J.A. and Keaney, J.F. Jr. 1997. Antioxidants and atherosclerotic heart 

disease. New England Journal of Medicine 337(6): 408-416.

Ehrenshaft, M., Bilski, P., Li, M.Y., Chignell, C.F. and Daub, M.E. 1999. A highly conserved 

sequence is a novel gene involved in de novo vitamin B6 biosynthesis. Proceedings of the 

National Academy of Sciences USA 96(16): 9374-9378.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2000. Comparison of 

different methods of measuring 8-oxoguanine as a marker of oxidative DNA damage. Free 

Radical Research 32(4): 333-41.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2002a. Comparative 

analysis of baseline 8-oxo-7,8-dihydroguanine in mammalian cell DNA, by different 

methods in different laboratories: an approach to consensus. Carcinogenesis 23(12): 

2129-33.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2002b. 

Inter-laboratory validation of procedures for measuring 

8-oxo-7,8-dihydroguanine/8-oxo-7,8-dihydro-2’- deoxyguanosine in DNA. Free Radical 

Research 36(3): 239-45.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2003. Measurement 

of DNA oxidation in human cells by chromatographic and enzymic methods. Free Radical 

Biology and Medicine 34(8): 1089-99.

EUROFEDA (European Research on the Functional Effects of Dietary Antioxidants). 2002. 

EU-QLK1-1999-00179. Molecular Aspects of Medicine 23(1-3): 1-291.

Flohe, L., Gunzler, W.A. and Schock, H.H. 1973. Glutathione peroxidase: a selenoenzyme. 

FEBS Letters 32: 132-134. 

Fraga, C., Shigenaga, M.K., Park, J.W., Degan, P. and Ames, B.N. 1990. Oxidative damage to 

DNA during aging: 8-hydroxy-20-deoxyguanosine in rat organ DNA and urine. Proceedings 

of the National Academy of Sciences USA 87: 4533- 4537.

Gaziano, J.M. and Hennekens, C.H. 1993. The role of beta-carotene in the prevention of 

cardiovascular disease. Annals of the New York Academy of Sciences 691: 148-155.

Gey, K.F. 1998. Vitamins E plus C and interacting co-nutrients required for optimal health. A 

critical and constructive review of epidemiology and supplementation data regarding 

cardiovascular disease and cancer. Biofactors 7(1–2): 113-174.

Gey, K.F., Brubacher, G.B. and Stahelin, H.B. 1987. Plasma levels of antioxidant vitamins in 

relation to ischemic heart disease and cancer. American Journal of Clinical Nutrition 45(5, 

Suppl.): 1368-1377.

Gey, K.F., Moser, U.K., Jordan, P., Stahelin, H.B., Eichholzer, M. and Ludin, E. 1993. Increased 

risk of cardiovascular disease at suboptimal plasma concentrations of essential 

antioxidants: an epidemiological update with special attention to carotene and vitamin C. 

American Journal of Clinical Nutrition 57(5, Suppl.): 787S-797S.

Goldstein, J.L. and Brown, M.S. 1977. The low-density lipoprotein pathway and its relation 

to atherosclerosis. Annual Reviews in Biochemistry 46: 897-930.

Greenberg, E.R., Baron, J.A., Stukel, T.A., Stevens, M.M., Mandel, J.S., Spencer, S.K., Elias, P.M., 

Lowe, N., Nierenberg, D.W. and Bayrd, G. 1990. A clinical trial of beta carotene to prevent 

basal-cell and squamous-cell cancers of the skin. The Skin Cancer Prevention Study Group. 

New England Journal of Medicine 323(12): 789-795.

Greenberg, E.R., Baron, J.A., Tosteson, T.D., Freeman, D.H., Beck, G.J., Bond, J.H., Colacchio, 

T.A., Coller, J.A. and Frankl, H.D. 1994. A clinical trial of antioxidant vitamins to prevent 

colorectal adenoma. New England Journal of Medicine 331(3): 141-147.

Haber, D., Siess, M.H., Dewaziers, I., Beaune, P. and Suschetet, M. 1994. Modification of 

hepatic drug metabolizing enzymes in rat fed naturally occurring allyl sulphides. 

Xenobiotica 24(2): 169-182.

Hamilton, M.L., Remmen, H., Drake, J.A., Yang, H., Guo, Z.M., Kewitt, K., Walter, C.A. and 

Richardson, A. 2001. Does oxidative damage to DNA increase with age? Proceedings of 

the National Academy of Sciences USA 98(18): 10469-10474.

Harman, D. 1956. Aging: a theory based on free radical and radiation chemistry. Journal of 

Gerontology 11: 298-300.

Hayes, J.D. and McLellan, L.I. 1999. Glutathione and glutathione- dependent enzymes 

represent a co-ordinately regulated defence against oxidative stress. Free Radical 

Research 31(4): 273-300.

Heaney, R.K. and Fenwick, G.R. 1987. Identifying toxins and their effects: glucosinolates. 

In: Watson, D.H., editor. Natural toxicants in food: 76-100. Sheffield Academic Press, UK.

Heinonen, O.P., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K., Hartman, A.M., 

Haapakoski, J., Malila, N., Rautalahti, M., Ripatti, S., Maenpaa, H., Teerenhovi, L., Koss, L., 

Virolainen, M. and Edwards, B.K. 1998. Prostate cancer and supplementation with 

alpha-tocopherol and beta- carotene: incidence and mortality in a controlled trial. Journal of 

the National Cancer Institute 90(6): 440-446.

Hertog, M.G., Feskens, E.J., Hollman, P.C., Katan, M.B. and Kromhout, D. 1993. Dietary 

antioxidant flavonoids and risk of coronary heart disease: the Zutphen Elderly Study. 

Lancet 342(8878): 1007-1011.

Hertog, M.G., Sweetnam, P.M., Fehily, A.M., Elwood, P.C. and Kromhout, D. 1997. Antioxidant 

flavonols and ischemic heart disease in a Welsh population of men: the Caerphilly Study. 

American Journal of Clinical Nutrition 65(5): 1489-1494.

Hofstad, B., Almendingen, K., Vatn, M., Andersen, S.N., Owen, R.W., Larsen, S. and Osnes, M. 

1998. Growth and recurrence of colorectal polyps: a double-blind 3-year intervention with 

calcium and antioxidants. Digestion 59(2): 148-156.

Holland, B., Unwin, J.D. and Buss, D.H. 1996. The composition of foods, 5th supplement. 

The Royal Society of Chemistry, London, UK.

Horton, J.D., Goldstein, J.L. and Brown, M.S. 2002. SREBPs: activators of the complete 

program of cholesterol and fatty acid synthesis in the liver. Journal of Clinical Investigation 

109: 1125-1131.

Keli, S.O., Hertog, M.G., Feskens, E.J. and Kromhout, D. 1996. Dietary avonoids, antioxidant 

vitamins, and incidence of stroke: the Zutphen Study. Archives of Internal Medicine 156(6): 

637-642.

Kelloff, G.J., Steele, V.E., Crowell, J.A., Lubet, R. and Sigman, C.C. 2000. Progress in cancer 

chemoprevention: development of diet-derived chemopreventive agents. Journal of 

Nutrition 130: 467-471.

Kirsch, M. and Groot, H. 2001. NAD(P)H, a directly operating antioxidant? FASEB Journal 15: 

1569-1574.

Knekt, P., Aruoma, A., Alfthan, G., Maatela, J., Hakama, M., Hakulinen, T. and Teppo, L. 1996. 

Re: prospective study of serum micronutrients and ovarian cancer. Journal of the National 

Cancer Institute 88(19): 1408.

Lee, C.K., Klopp, R.G., Weindruch, R. and Prolla, T.A. 1999. Gene expression profile of aging 

and its retardation by caloric restriction. Science 285(5432): 1390-1393.

Lindsay, D.G. 1999. Diet and ageing: the possible relation to reactive oxygen species. 

Journal of Nutrition, Health and Aging 3(2): 84-91.

Lu, S.C. 2000. Regulation of glutathione synthesis. Current Topics in Cellular Regulation 

36: 95-116.

Lunec, J. 1998. ESCODD: European Standards Committee on Oxidative DNA Damage. Free 

Radical Research 29(6): 601-608.

Machlin, L.J. 1980. Vitamin E – a comprehensive treatise. Marcel Dekker, New York, USA.

Mecocci, P., Fano, G., Fulle, S., MacGarvey, U., Shinobu, L., Polidori, M.C., Cherubini, A., 

Vecchiet, J., Senin, U. and Beal, M.F. 1999. Age-dependent increases in oxidative damage to 

DNA, lipids, and proteins in human skeletal muscle. Free Radical Biology and Medicine 

26(3–4): 303-308.

Meister, A. 1991. Glutathione deficiency produced by inhibition of its synthesis, and its 

reversal: applications in research and therapy. Pharmacology and Therapeutics 51(2): 

155-194.

Nomura, A.M., Stemmermann, G.N., Heilbrun, L.K., Salkeld, R.M. and Vuilleumier, J.P. 1985. 

Serum vitamin levels and the risk of cancer of specific sites in men of Japanese ancestry in 

Hawaii. Cancer Research 45(5): 2369-2372.

Omenn, G.S., Goodman, G.E., Thornquist, M.D., Balmes, J., Cullen, M.R., Glass, A., Keogh, 

J.P.,Meyskens, F.L., Valanis, B., Williams, J.H., Barnhart, S. and Hammar, S. 1996. Effects of a 

combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. 

New England Journal of Medicine 334(18): 1150-1155.

Peters, U., Poole, C. and Arab, L. 2001. Does tea affect cardiovascular disease? A 

meta-analysis. American Journal of Epidemiology 154(6): 495-503.

Petrault, I., Zimowska, W., Mathieu, J., Bayle, D., Rock, E., Favier, A., Rayssiguier, Y. and 

Mazur, A. 2002. Changes in gene expression in rat thymocytes identified by cDNA array 

support the occurrence of oxidative stress in early magnesium deficiency. Biochimica et 

Biophysica Acta 1586: 92-98.

Potter, J. and Steinmetz, K. 1996. Vegetables, fruit and phytoestrogens as preventive 

agents. In: Stewart, B., McGregor, D. and Kleihues, P., editors. Principles of 

chemoprevention: 61-90. International Agency for Research on Cancer, Lyon, France.

Pryor, W.A. 2000. Vitamin E and heart disease: basic science to clinical intervention trials. 

Free Radical Biology and Medicine 28(1): 141-164.

Rao, L., Puschner, B. and Prolla, T.A. 2001. Gene expression profiling of low selenium status 

in the mouse intestine: transcriptional activation of genes linked to DNA damage, cell cycle 

control and oxidative stress. Journal of Nutrition 131(12): 3175-3181.

Rautalahti, M., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K. and Heinonen, O.P. 1997. 

Beta-carotene did not work: aftermath of the ATBC study. Cancer Letters 114(1–2): 

235-236.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K.R., Schimke, J., Barazzoni, R. and 

Nair, K.S. 2002a. Effects of caloric restriction on mitochondrial function and gene 

transcripts in rat muscle. American Journal of Physiology, Endocrinology and Metabolism 

283: E38-E43.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K.R., Schimke, J., Barazzoni, R. and 

Nair, K.S. 2002b. Impact of high-fat diet and antioxidant supplement on mitochondrial 

functions and gene transcripts in rat muscle. American Journal of Physiology, 

Endocrinology and Metabolism 282: E1055-E1061. Staels, B. 2001. Regulation of lipid and 

lipoprotein metabolism by retinoids. Journal of the American Academy of Dermatology 45: 

S158-S167.

Stahelin, H.B., Gey, K.F., Eichholzer, M. and Ludin, E. 1991a. Beta-carotene and cancer 

prevention: the Basel Study. American Journal of Clinical Nutrition 53(1, Suppl.): 

265S-269S.

Stahelin, H.B., Gey, K.F., Eichholzer, M., Ludin, E., Bernasconi, F., Thurneysen, J. and 

Brubacher, G. 1991b. Plasma antioxidant vitamins and subsequent cancer mortality in the 

12-year follow-up of the prospective Basel study. American Journal of Epidemiology 

133(8): 766-775.

Stahl, W. and Sies, H. 1998. The role of carotenoids and retinoids in gap junctional 

communication. International Journal for Vitamin and Nutrition Research 68(6): 354-359.

Standing Committee on the Scientific Evaluation of Dietary Reference. 2000. Dietary 

reference intakes for vitamin C, vitamin E, selenium, and carotenoids. National Academy 

Press, Washington, USA.

Steinmetz, K.A. and Potter, J.D. 1991a. Vegetables, fruit, and cancer. I. Epidemiology. 

Cancer Causes and Control 2(5): 325-357.

Steinmetz, K.A. and Potter, J.D. 1991b. Vegetables, fruit, and cancer. II. Mechanisms. Cancer 

Causes and Control 2(6): 427-442. Stoewsand, G.S. 1995. Bioactive organosulfur 

phytochemicals in Brassica oleracea vegetables – a review. Food and Chemical Toxicology 

33(6): 537-543.

Street, D.A., Comstock, G.W., Salkeld, R.M., Schuep, W. and Klag, M.J. 1994. Serum 

antioxidants and myocardial infarction. Are low levels of carotenoids and alpha-tocopherol 

risk factors for myocardial infarction? Circulation 90(3): 1154-1161.

Tang, Y., Lu, A., Aronow, B.J. and Sharp, F.R. 2001. Blood genomic responses differ after 

stroke, seizures, hypoglycemia, and hypoxia: blood genomic fingerprints of disease. Annals 

of Neurology 50: 699-707.

Tavani, A. and La Vecchia, C. 1999. Beta-carotene and risk of coronary heart disease. A 

review of observational and intervention studies. Biomedicine and Pharmacotherapy 53(9): 

409-416.

van Lieshout, E.M., Posner, G.H., Woodard, B.T. and Peters, W.H. 1998. Effects of the 

sulforaphane analogue compound 30, indole-3-carbinol, D- limonene or relafen on 

glutathione S-transferases and glutathione peroxidase of the rat digestive tract. 

Biochimica et Biophysica Acta 1379(3): 325-336.

van Ommen, B. and Stierum, R. 2002. Nutrigenomics: exploiting systems biology in the 

nutrition and health arena. Current Opinion in Biotechnology 13(5): 517-521.

van Poppel, G., Verhoeven, D.T.H., Verhagen, H. and Goldbohm, R.A. 1999. Brassica 

vegetables and cancer prevention – epidemiology and mechanisms. Advances in 

Experimental Medicine and Biology 472: 159-168.

van Zandwijk, N., Dalesio, O., Pastorino, U., de Vries, N. and van Tinteren, H. 2000. 

EUROSCAN, a randomized trial of vitamin A and N-acetylcysteine in patients with head and 

neck cancer or lung cancer. For the European Organization for Research and Treatment of 

Cancer: Head and Neck and Lung Cancer Cooperative Groups. Journal of the National 

Cancer Institute 92(12): 977-986.

Verhoeven, D.T., Goldbohm, R.A., van Poppel, G., Verhagen, H. and van den Brandt, P.A. 

1996. Epidemiological studies on brassica vegetables and cancer risk. Cancer 

Epidemiology, Biomarkers and Prevention 5(9): 733-748.

Wald, N.J., Watt, H.C., Law, M.R., Weir, D.G., McPartlin, J. and Scott, J.M. 1998. Homocysteine 

and cardiovascular disease: results of a prospective study with implications on prevention. 

Archives of Internal Medicine 158: 862-867.

Walker, J., Flower, D. and Rigley, K. 2002. Microarrays in hematology. Current Opinion in 

Hematology 9: 23-29. Weggemans, R.M., Zock, P.L., Ordovas, J.M., Ramos-Galluzzi, J. and 

Katan, M.B 2001. Genetic polymorphisms and lipid response to dietary changes in humans. 

European Journal of Clinical Investigation 31: 950-957.

Wierzbicki, A.S. and Mikhailidis, D.P. 2002. Beyond LDL-C - the importance of raising HDL-C. 

Current Medical Research and Opinion 18: 36-44.

World Cancer Research Fund. 1997. Food nutrition and the prevention of cancer: a global 

perspective. American Institute for Cancer Research, Washington, USA.

Woutersen, R.A., Appel, M.J. and Garderen-Hoetmer, A. 1999. Modulation of pancreatic 

carcinogenesis by antioxidants. Food and Chemical Toxicology 37(9–10): 981-984.

Yochum, L., Kushi, L.H., Meyer, K. and Folsom, A.R. 1999. Dietary flavonoid intake and risk of 

cardiovascular disease in postmenopausal women. American Journal of Epidemiology 149: 

943-949.

Zock, P.L., Katan, M.B. and Mensink, R.P. 1995. Dietary trans fatty acids and lipoprotein 

cholesterol. American Journal of Clinical Nutrition 61: 617.

Redlich, C.A., Chung, J.S., Cullen, M.R., Blaner, W.S., Bennekum, A.M. and Berglund, L. 1999. 

Effect of long-term betacarotene and vitamin A on serum cholesterol and triglyceride 

levels among participants in the Carotene and Retinol Efficacy Trial (CARET). 

Atherosclerosis 145(2): 425-432.

Richter, C., Park, J.W. and Ames, B.N. 1988. Normal oxidative damage to mitochondrial and 

nuclear DNA is extensive. Proceedings of the National Academy of Sciences USA 85(17): 

6465-6467. Riis, B. 2002. Comparison of results from different laboratories in measuring 

8-oxo-2’-deoxyguanosine in synthetic oligonucleotides. Free Radical Research 36(6): 

649-59.

Rimm, E.B., Katan, M.B., Acherio, A., Stampfer, M.J. and Willer, W.C. 1996. Relation between 

intake of flavonoids and risk for coronary heart disease in male health professionals. 

Archives of Internal Medicine 125: 384-389.

Rodrı´guez, H., Jurado, J., Laval, J. and Dizdaroglu, M. 2000. Comparison of the levels of 

8-hydroxyguanine in DNA as measured by gas chromatography mass spectrometry 

following hydrolysis of DNA by Escherichia coli Fpg protein or formic acid. Nucleic Acids 

Research 28(15): E75.

Sacks, F.M., Tonkin, A.M., Craven, T., Pfeffer, M.A., Shepherd, J., Keech, A., Furberg, C.D. and 

Braunwald, E. 2002. Coronary heart disease in patients with low LDL-cholesterol: benefit 

of pravastatin in diabetics and enhanced role for HDL-cholesterol and triglycerides as risk 

factors. Circulation 105: 1424-1428.

Sasaki, S., Tsubono, Y., Okubo, S., Hayashi, M., Kakizoe, T. and Tsugane, S. 2000. Effects of 

three-month oral supplementation of beta-carotene and vitamin C on serum 

concentrations of carotenoids and vitamins in middle- aged subjects: a pilot study for a 

randomized controlled trial to prevent gastric cancer in high-risk Japanese population. 

Japanese Journal of Cancer Research 91(5): 464-470.

Seedorf, U. and Assmann, G. 2001. The role of PPAR alpha in obesity. Nutrition, Metabolism 

and Cardiovascular Diseases 11(3): 189-94.

Sies, H. 1985. Oxidative stress: introductory remarks. In: Sies, H., editor. Oxidative stress: 

1-7. Academic Press, Orlando, USA.

Soukas, A., Cohen, P., Socci, N.D. and Friedman, J.M. 2000. Leptin-specific patterns of gene 

expression in white adipose tissue. Genes and Development 14: 963-980.

that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.

Consumers need to 
be offered 
information that 
allows them to 
make informed 
decisions 
regarding their 
lifestyle
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.

8. References

Albanes, D., Heinonen, O.P., Taylor, P.R., Virtamo, J., Edwards, B.K., Rautalahti, M., Hartman, 

A.M., Palmgren, J., Freedman, L.S., Haapakoski, J., Barrett, M.J., Pietinen, P., Malila, N., Tala, E., 

Liippo, K., Salomaa, E.R., Tangrea, J.A., Teppo, L., Askin, F.B., Taskinen, E., Erozan, Y., 

Greenwald, P. and Huttunen, J.K. 1996. Alpha-tocopherol and beta-carotene supplements 

and lung cancer incidence in the alpha-tocopherol, beta-carotene cancer prevention study: 

effects of base-line characteristics and study compliance. Journal of the National Cancer 

Institute 88(21): 1560-1570.

Albanes, D., Malila, N., Taylor, P.R., Huttunen, J.K., Virtamo, J., Edwards, B.K., Rautalahti, M., 

Hartman, A.M., Barrett, M.J., Pietinen, P., Hartman, T.J., Sipponen, P., Lewin, K., Teerenhovi, L., 

Hietanen, P., Tangrea, J.A., Virtanen, M. and Heinonen, O.P. 2000. Effects of supplemental 

alpha-tocopherol and beta-carotene on colorectal cancer: results from a controlled trial 

(Finland). Cancer Causes and Control 11(3): 197-205.

Arab, L. and Steck, S. 2000. Lycopene and cardiovascular disease. American Journal of 

Clinical Nutrition 71(6, Suppl.): 1691S-1695S.

Arthur, J.R. 1999. Functional indicators of iodine and selenium status. Proceedings of the 

Nutrition Society 58(2): 507-512.

ATBC Cancer Prevention Study Group. 1994. The alpha-tocopherol, beta-carotene lung 

cancer prevention study: design, methods, participant characteristics, and compliance. 

Annals of Epidemiology 4(1): 1-10.

Beckman, K.B. and Ames, B.N. 1998. The free radical theory of aging matures. 

Physiological Reviews 78(2): 547-581.

Biewenga, G.P., Haenen, G.R. and Bast, A. 1997. The pharmacology of the antioxidant lipoic 

acid. General Pharmacology 29(3): 315-331.

Block, E. 1998. The organosulphur and organoselenium components of garlic and onions. 

In: Bidlack, W.R. et al., editors. Phytochemicals – a new paradigm: 129-141. Technomic 

Publishing Co. Inc., Basel, Switzerland.

Block, G., Patterson, B. and Subar, A. 1992. Fruit, vegetables, and cancer prevention: a 

review of the epidemiological evidence. Nutrition and Cancer 18(1): 1-29.

Blot, W.J., Li, J.Y., Taylor, P.R., Guo, W., Dawsey, S., Wang, G.Q., Yang, C.S., Zheng, S.F., Gail, M. 

and Li, G.Y. 1993. Nutrition intervention trials in Linxian, China: supplementation with 

specific vitamin/mineral combinations, cancer incidence, and disease-specific mortality in 

the general population. Journal of the National Cancer Institute 85(18): 1483-92.

Chen, C.F., Hwang, J.M., Jao, S.W., Leu, F.J. and Chen, K.Y. 1988. Microencapsulation of tumor 

cells and assay for selecting anticancer drugs. Proceedings of the National Science Council, 

Republic of China 12(4): 252-261.

Chen, C.C., Shieh, B., Jin, Y.T., Liau, Y.E., Huang, C.H., Liou, J.T., Wu, L.W., Huang, W., Young, 

K.C., Lai, M.D., Liu, H.S. and Li, C. 2001. Microarray profiling of gene expression patterns in 

bladder tumor cells treated with genistein. Journal of Biomedical Science 8: 214-222.

Christen, W.G., Gaziano, J.M. and Hennekens, C.H. 2000. Design of physicians’ health study 

II – a randomized trial of b-carotene, vitamins E and C, and multivitamins, in prevention of 

cancer, cardiovascular disease, and eye disease, and review of results of completed trials. 

Annals of Epidemiology 10(2): 125-134.

Collins, A.R., Cadet, J., Moller, L., Poulsen, H.E. and Vin˜ a, J. 2004. Are we sure we know how 

to measure 8-oxo-7,8-dihydroguanine in DNA from human cells? Archives of Biochemistry 

and Biophysics 423(1): 57-65.

Craig, I.H., Phillips, P.J., Lloyd, J.V., Watts, S., Bracken, A. and Read, R. 1980. Effects of 

modified fat diets on LDL/HDL ratio. Lancet 2: 799.

Debril, M.B., Renaud, J.P., Fajas, L. and Auwerx, J. 2001. The pleiotropic functions of 

peroxisome proliferator-activated receptor. Journal of Molecular Medicine 79: 30-47.

DeCosse, J.J., Miller, H.H. and Lesser, M.L. 1989. Effect of wheat fiber and vitamins C and E 

on rectal polyps in patients with familial adenomatous polyposis. Journal of the National 

Cancer Institute 81(17): 1290-1297.

Devaraj, S. and Jialal, I. 2000. Antioxidants and vitamins to reduce cardiovascular disease. 

Current Atherosclerosis Reports 2(4): 342-351.

Diaz, M.N., Frei, B., Vita, J.A. and Keaney, J.F. Jr. 1997. Antioxidants and atherosclerotic heart 

disease. New England Journal of Medicine 337(6): 408-416.

Ehrenshaft, M., Bilski, P., Li, M.Y., Chignell, C.F. and Daub, M.E. 1999. A highly conserved 

sequence is a novel gene involved in de novo vitamin B6 biosynthesis. Proceedings of the 

National Academy of Sciences USA 96(16): 9374-9378.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2000. Comparison of 

different methods of measuring 8-oxoguanine as a marker of oxidative DNA damage. Free 

Radical Research 32(4): 333-41.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2002a. Comparative 

analysis of baseline 8-oxo-7,8-dihydroguanine in mammalian cell DNA, by different 

methods in different laboratories: an approach to consensus. Carcinogenesis 23(12): 

2129-33.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2002b. 

Inter-laboratory validation of procedures for measuring 

8-oxo-7,8-dihydroguanine/8-oxo-7,8-dihydro-2’- deoxyguanosine in DNA. Free Radical 

Research 36(3): 239-45.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2003. Measurement 

of DNA oxidation in human cells by chromatographic and enzymic methods. Free Radical 

Biology and Medicine 34(8): 1089-99.

EUROFEDA (European Research on the Functional Effects of Dietary Antioxidants). 2002. 

EU-QLK1-1999-00179. Molecular Aspects of Medicine 23(1-3): 1-291.

Flohe, L., Gunzler, W.A. and Schock, H.H. 1973. Glutathione peroxidase: a selenoenzyme. 

FEBS Letters 32: 132-134. 

Fraga, C., Shigenaga, M.K., Park, J.W., Degan, P. and Ames, B.N. 1990. Oxidative damage to 

DNA during aging: 8-hydroxy-20-deoxyguanosine in rat organ DNA and urine. Proceedings 

of the National Academy of Sciences USA 87: 4533- 4537.

Gaziano, J.M. and Hennekens, C.H. 1993. The role of beta-carotene in the prevention of 

cardiovascular disease. Annals of the New York Academy of Sciences 691: 148-155.

Gey, K.F. 1998. Vitamins E plus C and interacting co-nutrients required for optimal health. A 

critical and constructive review of epidemiology and supplementation data regarding 

cardiovascular disease and cancer. Biofactors 7(1–2): 113-174.

Gey, K.F., Brubacher, G.B. and Stahelin, H.B. 1987. Plasma levels of antioxidant vitamins in 

relation to ischemic heart disease and cancer. American Journal of Clinical Nutrition 45(5, 

Suppl.): 1368-1377.

Gey, K.F., Moser, U.K., Jordan, P., Stahelin, H.B., Eichholzer, M. and Ludin, E. 1993. Increased 

risk of cardiovascular disease at suboptimal plasma concentrations of essential 

antioxidants: an epidemiological update with special attention to carotene and vitamin C. 

American Journal of Clinical Nutrition 57(5, Suppl.): 787S-797S.

Goldstein, J.L. and Brown, M.S. 1977. The low-density lipoprotein pathway and its relation 

to atherosclerosis. Annual Reviews in Biochemistry 46: 897-930.

Greenberg, E.R., Baron, J.A., Stukel, T.A., Stevens, M.M., Mandel, J.S., Spencer, S.K., Elias, P.M., 

Lowe, N., Nierenberg, D.W. and Bayrd, G. 1990. A clinical trial of beta carotene to prevent 

basal-cell and squamous-cell cancers of the skin. The Skin Cancer Prevention Study Group. 

New England Journal of Medicine 323(12): 789-795.

Greenberg, E.R., Baron, J.A., Tosteson, T.D., Freeman, D.H., Beck, G.J., Bond, J.H., Colacchio, 

T.A., Coller, J.A. and Frankl, H.D. 1994. A clinical trial of antioxidant vitamins to prevent 

colorectal adenoma. New England Journal of Medicine 331(3): 141-147.

Haber, D., Siess, M.H., Dewaziers, I., Beaune, P. and Suschetet, M. 1994. Modification of 

hepatic drug metabolizing enzymes in rat fed naturally occurring allyl sulphides. 

Xenobiotica 24(2): 169-182.

Hamilton, M.L., Remmen, H., Drake, J.A., Yang, H., Guo, Z.M., Kewitt, K., Walter, C.A. and 

Richardson, A. 2001. Does oxidative damage to DNA increase with age? Proceedings of 

the National Academy of Sciences USA 98(18): 10469-10474.

Harman, D. 1956. Aging: a theory based on free radical and radiation chemistry. Journal of 

Gerontology 11: 298-300.

Hayes, J.D. and McLellan, L.I. 1999. Glutathione and glutathione- dependent enzymes 

represent a co-ordinately regulated defence against oxidative stress. Free Radical 

Research 31(4): 273-300.

Heaney, R.K. and Fenwick, G.R. 1987. Identifying toxins and their effects: glucosinolates. 

In: Watson, D.H., editor. Natural toxicants in food: 76-100. Sheffield Academic Press, UK.

Heinonen, O.P., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K., Hartman, A.M., 

Haapakoski, J., Malila, N., Rautalahti, M., Ripatti, S., Maenpaa, H., Teerenhovi, L., Koss, L., 

Virolainen, M. and Edwards, B.K. 1998. Prostate cancer and supplementation with 

alpha-tocopherol and beta- carotene: incidence and mortality in a controlled trial. Journal of 

the National Cancer Institute 90(6): 440-446.

Hertog, M.G., Feskens, E.J., Hollman, P.C., Katan, M.B. and Kromhout, D. 1993. Dietary 

antioxidant flavonoids and risk of coronary heart disease: the Zutphen Elderly Study. 

Lancet 342(8878): 1007-1011.

Hertog, M.G., Sweetnam, P.M., Fehily, A.M., Elwood, P.C. and Kromhout, D. 1997. Antioxidant 

flavonols and ischemic heart disease in a Welsh population of men: the Caerphilly Study. 

American Journal of Clinical Nutrition 65(5): 1489-1494.

Hofstad, B., Almendingen, K., Vatn, M., Andersen, S.N., Owen, R.W., Larsen, S. and Osnes, M. 

1998. Growth and recurrence of colorectal polyps: a double-blind 3-year intervention with 

calcium and antioxidants. Digestion 59(2): 148-156.

Holland, B., Unwin, J.D. and Buss, D.H. 1996. The composition of foods, 5th supplement. 

The Royal Society of Chemistry, London, UK.

Horton, J.D., Goldstein, J.L. and Brown, M.S. 2002. SREBPs: activators of the complete 

program of cholesterol and fatty acid synthesis in the liver. Journal of Clinical Investigation 

109: 1125-1131.

Keli, S.O., Hertog, M.G., Feskens, E.J. and Kromhout, D. 1996. Dietary avonoids, antioxidant 

vitamins, and incidence of stroke: the Zutphen Study. Archives of Internal Medicine 156(6): 

637-642.

Kelloff, G.J., Steele, V.E., Crowell, J.A., Lubet, R. and Sigman, C.C. 2000. Progress in cancer 

chemoprevention: development of diet-derived chemopreventive agents. Journal of 

Nutrition 130: 467-471.

Kirsch, M. and Groot, H. 2001. NAD(P)H, a directly operating antioxidant? FASEB Journal 15: 

1569-1574.

Knekt, P., Aruoma, A., Alfthan, G., Maatela, J., Hakama, M., Hakulinen, T. and Teppo, L. 1996. 

Re: prospective study of serum micronutrients and ovarian cancer. Journal of the National 

Cancer Institute 88(19): 1408.

Lee, C.K., Klopp, R.G., Weindruch, R. and Prolla, T.A. 1999. Gene expression profile of aging 

and its retardation by caloric restriction. Science 285(5432): 1390-1393.

Lindsay, D.G. 1999. Diet and ageing: the possible relation to reactive oxygen species. 

Journal of Nutrition, Health and Aging 3(2): 84-91.

Lu, S.C. 2000. Regulation of glutathione synthesis. Current Topics in Cellular Regulation 

36: 95-116.

Lunec, J. 1998. ESCODD: European Standards Committee on Oxidative DNA Damage. Free 

Radical Research 29(6): 601-608.

Machlin, L.J. 1980. Vitamin E – a comprehensive treatise. Marcel Dekker, New York, USA.

Mecocci, P., Fano, G., Fulle, S., MacGarvey, U., Shinobu, L., Polidori, M.C., Cherubini, A., 

Vecchiet, J., Senin, U. and Beal, M.F. 1999. Age-dependent increases in oxidative damage to 

DNA, lipids, and proteins in human skeletal muscle. Free Radical Biology and Medicine 

26(3–4): 303-308.

Meister, A. 1991. Glutathione deficiency produced by inhibition of its synthesis, and its 

reversal: applications in research and therapy. Pharmacology and Therapeutics 51(2): 

155-194.

Nomura, A.M., Stemmermann, G.N., Heilbrun, L.K., Salkeld, R.M. and Vuilleumier, J.P. 1985. 

Serum vitamin levels and the risk of cancer of specific sites in men of Japanese ancestry in 

Hawaii. Cancer Research 45(5): 2369-2372.

Omenn, G.S., Goodman, G.E., Thornquist, M.D., Balmes, J., Cullen, M.R., Glass, A., Keogh, 

J.P.,Meyskens, F.L., Valanis, B., Williams, J.H., Barnhart, S. and Hammar, S. 1996. Effects of a 

combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. 

New England Journal of Medicine 334(18): 1150-1155.

Peters, U., Poole, C. and Arab, L. 2001. Does tea affect cardiovascular disease? A 

meta-analysis. American Journal of Epidemiology 154(6): 495-503.

Petrault, I., Zimowska, W., Mathieu, J., Bayle, D., Rock, E., Favier, A., Rayssiguier, Y. and 

Mazur, A. 2002. Changes in gene expression in rat thymocytes identified by cDNA array 

support the occurrence of oxidative stress in early magnesium deficiency. Biochimica et 

Biophysica Acta 1586: 92-98.

Potter, J. and Steinmetz, K. 1996. Vegetables, fruit and phytoestrogens as preventive 

agents. In: Stewart, B., McGregor, D. and Kleihues, P., editors. Principles of 

chemoprevention: 61-90. International Agency for Research on Cancer, Lyon, France.

Pryor, W.A. 2000. Vitamin E and heart disease: basic science to clinical intervention trials. 

Free Radical Biology and Medicine 28(1): 141-164.

Rao, L., Puschner, B. and Prolla, T.A. 2001. Gene expression profiling of low selenium status 

in the mouse intestine: transcriptional activation of genes linked to DNA damage, cell cycle 

control and oxidative stress. Journal of Nutrition 131(12): 3175-3181.

Rautalahti, M., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K. and Heinonen, O.P. 1997. 

Beta-carotene did not work: aftermath of the ATBC study. Cancer Letters 114(1–2): 

235-236.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K.R., Schimke, J., Barazzoni, R. and 

Nair, K.S. 2002a. Effects of caloric restriction on mitochondrial function and gene 

transcripts in rat muscle. American Journal of Physiology, Endocrinology and Metabolism 

283: E38-E43.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K.R., Schimke, J., Barazzoni, R. and 

Nair, K.S. 2002b. Impact of high-fat diet and antioxidant supplement on mitochondrial 

functions and gene transcripts in rat muscle. American Journal of Physiology, 

Endocrinology and Metabolism 282: E1055-E1061. Staels, B. 2001. Regulation of lipid and 

lipoprotein metabolism by retinoids. Journal of the American Academy of Dermatology 45: 

S158-S167.

Stahelin, H.B., Gey, K.F., Eichholzer, M. and Ludin, E. 1991a. Beta-carotene and cancer 

prevention: the Basel Study. American Journal of Clinical Nutrition 53(1, Suppl.): 

265S-269S.

Stahelin, H.B., Gey, K.F., Eichholzer, M., Ludin, E., Bernasconi, F., Thurneysen, J. and 

Brubacher, G. 1991b. Plasma antioxidant vitamins and subsequent cancer mortality in the 

12-year follow-up of the prospective Basel study. American Journal of Epidemiology 

133(8): 766-775.

Stahl, W. and Sies, H. 1998. The role of carotenoids and retinoids in gap junctional 

communication. International Journal for Vitamin and Nutrition Research 68(6): 354-359.

Standing Committee on the Scientific Evaluation of Dietary Reference. 2000. Dietary 

reference intakes for vitamin C, vitamin E, selenium, and carotenoids. National Academy 

Press, Washington, USA.

Steinmetz, K.A. and Potter, J.D. 1991a. Vegetables, fruit, and cancer. I. Epidemiology. 

Cancer Causes and Control 2(5): 325-357.

Steinmetz, K.A. and Potter, J.D. 1991b. Vegetables, fruit, and cancer. II. Mechanisms. Cancer 

Causes and Control 2(6): 427-442. Stoewsand, G.S. 1995. Bioactive organosulfur 

phytochemicals in Brassica oleracea vegetables – a review. Food and Chemical Toxicology 

33(6): 537-543.

Street, D.A., Comstock, G.W., Salkeld, R.M., Schuep, W. and Klag, M.J. 1994. Serum 

antioxidants and myocardial infarction. Are low levels of carotenoids and alpha-tocopherol 

risk factors for myocardial infarction? Circulation 90(3): 1154-1161.

Tang, Y., Lu, A., Aronow, B.J. and Sharp, F.R. 2001. Blood genomic responses differ after 

stroke, seizures, hypoglycemia, and hypoxia: blood genomic fingerprints of disease. Annals 

of Neurology 50: 699-707.

Tavani, A. and La Vecchia, C. 1999. Beta-carotene and risk of coronary heart disease. A 

review of observational and intervention studies. Biomedicine and Pharmacotherapy 53(9): 

409-416.

van Lieshout, E.M., Posner, G.H., Woodard, B.T. and Peters, W.H. 1998. Effects of the 

sulforaphane analogue compound 30, indole-3-carbinol, D- limonene or relafen on 

glutathione S-transferases and glutathione peroxidase of the rat digestive tract. 

Biochimica et Biophysica Acta 1379(3): 325-336.

van Ommen, B. and Stierum, R. 2002. Nutrigenomics: exploiting systems biology in the 

nutrition and health arena. Current Opinion in Biotechnology 13(5): 517-521.

van Poppel, G., Verhoeven, D.T.H., Verhagen, H. and Goldbohm, R.A. 1999. Brassica 

vegetables and cancer prevention – epidemiology and mechanisms. Advances in 

Experimental Medicine and Biology 472: 159-168.

van Zandwijk, N., Dalesio, O., Pastorino, U., de Vries, N. and van Tinteren, H. 2000. 

EUROSCAN, a randomized trial of vitamin A and N-acetylcysteine in patients with head and 

neck cancer or lung cancer. For the European Organization for Research and Treatment of 

Cancer: Head and Neck and Lung Cancer Cooperative Groups. Journal of the National 

Cancer Institute 92(12): 977-986.

Verhoeven, D.T., Goldbohm, R.A., van Poppel, G., Verhagen, H. and van den Brandt, P.A. 

1996. Epidemiological studies on brassica vegetables and cancer risk. Cancer 

Epidemiology, Biomarkers and Prevention 5(9): 733-748.

Wald, N.J., Watt, H.C., Law, M.R., Weir, D.G., McPartlin, J. and Scott, J.M. 1998. Homocysteine 

and cardiovascular disease: results of a prospective study with implications on prevention. 

Archives of Internal Medicine 158: 862-867.

Walker, J., Flower, D. and Rigley, K. 2002. Microarrays in hematology. Current Opinion in 

Hematology 9: 23-29. Weggemans, R.M., Zock, P.L., Ordovas, J.M., Ramos-Galluzzi, J. and 

Katan, M.B 2001. Genetic polymorphisms and lipid response to dietary changes in humans. 

European Journal of Clinical Investigation 31: 950-957.

Wierzbicki, A.S. and Mikhailidis, D.P. 2002. Beyond LDL-C - the importance of raising HDL-C. 

Current Medical Research and Opinion 18: 36-44.

World Cancer Research Fund. 1997. Food nutrition and the prevention of cancer: a global 

perspective. American Institute for Cancer Research, Washington, USA.

Woutersen, R.A., Appel, M.J. and Garderen-Hoetmer, A. 1999. Modulation of pancreatic 

carcinogenesis by antioxidants. Food and Chemical Toxicology 37(9–10): 981-984.

Yochum, L., Kushi, L.H., Meyer, K. and Folsom, A.R. 1999. Dietary flavonoid intake and risk of 

cardiovascular disease in postmenopausal women. American Journal of Epidemiology 149: 

943-949.

Zock, P.L., Katan, M.B. and Mensink, R.P. 1995. Dietary trans fatty acids and lipoprotein 

cholesterol. American Journal of Clinical Nutrition 61: 617.

Redlich, C.A., Chung, J.S., Cullen, M.R., Blaner, W.S., Bennekum, A.M. and Berglund, L. 1999. 

Effect of long-term betacarotene and vitamin A on serum cholesterol and triglyceride 

levels among participants in the Carotene and Retinol Efficacy Trial (CARET). 

Atherosclerosis 145(2): 425-432.

Richter, C., Park, J.W. and Ames, B.N. 1988. Normal oxidative damage to mitochondrial and 

nuclear DNA is extensive. Proceedings of the National Academy of Sciences USA 85(17): 

6465-6467. Riis, B. 2002. Comparison of results from different laboratories in measuring 

8-oxo-2’-deoxyguanosine in synthetic oligonucleotides. Free Radical Research 36(6): 

649-59.

Rimm, E.B., Katan, M.B., Acherio, A., Stampfer, M.J. and Willer, W.C. 1996. Relation between 

intake of flavonoids and risk for coronary heart disease in male health professionals. 

Archives of Internal Medicine 125: 384-389.

Rodrı´guez, H., Jurado, J., Laval, J. and Dizdaroglu, M. 2000. Comparison of the levels of 

8-hydroxyguanine in DNA as measured by gas chromatography mass spectrometry 

following hydrolysis of DNA by Escherichia coli Fpg protein or formic acid. Nucleic Acids 

Research 28(15): E75.

Sacks, F.M., Tonkin, A.M., Craven, T., Pfeffer, M.A., Shepherd, J., Keech, A., Furberg, C.D. and 

Braunwald, E. 2002. Coronary heart disease in patients with low LDL-cholesterol: benefit 

of pravastatin in diabetics and enhanced role for HDL-cholesterol and triglycerides as risk 

factors. Circulation 105: 1424-1428.

Sasaki, S., Tsubono, Y., Okubo, S., Hayashi, M., Kakizoe, T. and Tsugane, S. 2000. Effects of 

three-month oral supplementation of beta-carotene and vitamin C on serum 

concentrations of carotenoids and vitamins in middle- aged subjects: a pilot study for a 

randomized controlled trial to prevent gastric cancer in high-risk Japanese population. 

Japanese Journal of Cancer Research 91(5): 464-470.

Seedorf, U. and Assmann, G. 2001. The role of PPAR alpha in obesity. Nutrition, Metabolism 

and Cardiovascular Diseases 11(3): 189-94.

Sies, H. 1985. Oxidative stress: introductory remarks. In: Sies, H., editor. Oxidative stress: 

1-7. Academic Press, Orlando, USA.

Soukas, A., Cohen, P., Socci, N.D. and Friedman, J.M. 2000. Leptin-specific patterns of gene 

expression in white adipose tissue. Genes and Development 14: 963-980.

that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.

8. References

Albanes, D., Heinonen, O.P., Taylor, P.R., Virtamo, J., Edwards, B.K., Rautalahti, M., Hartman, 

A.M., Palmgren, J., Freedman, L.S., Haapakoski, J., Barrett, M.J., Pietinen, P., Malila, N., Tala, E., 

Liippo, K., Salomaa, E.R., Tangrea, J.A., Teppo, L., Askin, F.B., Taskinen, E., Erozan, Y., 

Greenwald, P. and Huttunen, J.K. 1996. Alpha-tocopherol and beta-carotene supplements 

and lung cancer incidence in the alpha-tocopherol, beta-carotene cancer prevention study: 

effects of base-line characteristics and study compliance. Journal of the National Cancer 

Institute 88(21): 1560-1570.

Albanes, D., Malila, N., Taylor, P.R., Huttunen, J.K., Virtamo, J., Edwards, B.K., Rautalahti, M., 

Hartman, A.M., Barrett, M.J., Pietinen, P., Hartman, T.J., Sipponen, P., Lewin, K., Teerenhovi, L., 

Hietanen, P., Tangrea, J.A., Virtanen, M. and Heinonen, O.P. 2000. Effects of supplemental 

alpha-tocopherol and beta-carotene on colorectal cancer: results from a controlled trial 

(Finland). Cancer Causes and Control 11(3): 197-205.

Arab, L. and Steck, S. 2000. Lycopene and cardiovascular disease. American Journal of 

Clinical Nutrition 71(6, Suppl.): 1691S-1695S.

Arthur, J.R. 1999. Functional indicators of iodine and selenium status. Proceedings of the 

Nutrition Society 58(2): 507-512.

ATBC Cancer Prevention Study Group. 1994. The alpha-tocopherol, beta-carotene lung 

cancer prevention study: design, methods, participant characteristics, and compliance. 

Annals of Epidemiology 4(1): 1-10.

Beckman, K.B. and Ames, B.N. 1998. The free radical theory of aging matures. 

Physiological Reviews 78(2): 547-581.

Biewenga, G.P., Haenen, G.R. and Bast, A. 1997. The pharmacology of the antioxidant lipoic 

acid. General Pharmacology 29(3): 315-331.

Block, E. 1998. The organosulphur and organoselenium components of garlic and onions. 

In: Bidlack, W.R. et al., editors. Phytochemicals – a new paradigm: 129-141. Technomic 

Publishing Co. Inc., Basel, Switzerland.

Block, G., Patterson, B. and Subar, A. 1992. Fruit, vegetables, and cancer prevention: a 

review of the epidemiological evidence. Nutrition and Cancer 18(1): 1-29.

Blot, W.J., Li, J.Y., Taylor, P.R., Guo, W., Dawsey, S., Wang, G.Q., Yang, C.S., Zheng, S.F., Gail, M. 

and Li, G.Y. 1993. Nutrition intervention trials in Linxian, China: supplementation with 

specific vitamin/mineral combinations, cancer incidence, and disease-specific mortality in 

the general population. Journal of the National Cancer Institute 85(18): 1483-92.

Chen, C.F., Hwang, J.M., Jao, S.W., Leu, F.J. and Chen, K.Y. 1988. Microencapsulation of tumor 

cells and assay for selecting anticancer drugs. Proceedings of the National Science Council, 

Republic of China 12(4): 252-261.

Chen, C.C., Shieh, B., Jin, Y.T., Liau, Y.E., Huang, C.H., Liou, J.T., Wu, L.W., Huang, W., Young, 

K.C., Lai, M.D., Liu, H.S. and Li, C. 2001. Microarray profiling of gene expression patterns in 

bladder tumor cells treated with genistein. Journal of Biomedical Science 8: 214-222.

Christen, W.G., Gaziano, J.M. and Hennekens, C.H. 2000. Design of physicians’ health study 

II – a randomized trial of b-carotene, vitamins E and C, and multivitamins, in prevention of 

cancer, cardiovascular disease, and eye disease, and review of results of completed trials. 

Annals of Epidemiology 10(2): 125-134.

Collins, A.R., Cadet, J., Moller, L., Poulsen, H.E. and Vin˜ a, J. 2004. Are we sure we know how 

to measure 8-oxo-7,8-dihydroguanine in DNA from human cells? Archives of Biochemistry 

and Biophysics 423(1): 57-65.

Craig, I.H., Phillips, P.J., Lloyd, J.V., Watts, S., Bracken, A. and Read, R. 1980. Effects of 

modified fat diets on LDL/HDL ratio. Lancet 2: 799.

Debril, M.B., Renaud, J.P., Fajas, L. and Auwerx, J. 2001. The pleiotropic functions of 

peroxisome proliferator-activated receptor. Journal of Molecular Medicine 79: 30-47.

DeCosse, J.J., Miller, H.H. and Lesser, M.L. 1989. Effect of wheat fiber and vitamins C and E 

on rectal polyps in patients with familial adenomatous polyposis. Journal of the National 

Cancer Institute 81(17): 1290-1297.

Devaraj, S. and Jialal, I. 2000. Antioxidants and vitamins to reduce cardiovascular disease. 

Current Atherosclerosis Reports 2(4): 342-351.

Diaz, M.N., Frei, B., Vita, J.A. and Keaney, J.F. Jr. 1997. Antioxidants and atherosclerotic heart 

disease. New England Journal of Medicine 337(6): 408-416.

Ehrenshaft, M., Bilski, P., Li, M.Y., Chignell, C.F. and Daub, M.E. 1999. A highly conserved 

sequence is a novel gene involved in de novo vitamin B6 biosynthesis. Proceedings of the 

National Academy of Sciences USA 96(16): 9374-9378.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2000. Comparison of 

different methods of measuring 8-oxoguanine as a marker of oxidative DNA damage. Free 

Radical Research 32(4): 333-41.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2002a. Comparative 

analysis of baseline 8-oxo-7,8-dihydroguanine in mammalian cell DNA, by different 

methods in different laboratories: an approach to consensus. Carcinogenesis 23(12): 

2129-33.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2002b. 

Inter-laboratory validation of procedures for measuring 

8-oxo-7,8-dihydroguanine/8-oxo-7,8-dihydro-2’- deoxyguanosine in DNA. Free Radical 

Research 36(3): 239-45.

ESCODD (European Standards Committee on Oxidative DNA Damage). 2003. Measurement 

of DNA oxidation in human cells by chromatographic and enzymic methods. Free Radical 

Biology and Medicine 34(8): 1089-99.

EUROFEDA (European Research on the Functional Effects of Dietary Antioxidants). 2002. 

EU-QLK1-1999-00179. Molecular Aspects of Medicine 23(1-3): 1-291.

Flohe, L., Gunzler, W.A. and Schock, H.H. 1973. Glutathione peroxidase: a selenoenzyme. 

FEBS Letters 32: 132-134. 

Fraga, C., Shigenaga, M.K., Park, J.W., Degan, P. and Ames, B.N. 1990. Oxidative damage to 

DNA during aging: 8-hydroxy-20-deoxyguanosine in rat organ DNA and urine. Proceedings 

of the National Academy of Sciences USA 87: 4533- 4537.

Gaziano, J.M. and Hennekens, C.H. 1993. The role of beta-carotene in the prevention of 

cardiovascular disease. Annals of the New York Academy of Sciences 691: 148-155.

Gey, K.F. 1998. Vitamins E plus C and interacting co-nutrients required for optimal health. A 

critical and constructive review of epidemiology and supplementation data regarding 

cardiovascular disease and cancer. Biofactors 7(1–2): 113-174.

Gey, K.F., Brubacher, G.B. and Stahelin, H.B. 1987. Plasma levels of antioxidant vitamins in 

relation to ischemic heart disease and cancer. American Journal of Clinical Nutrition 45(5, 

Suppl.): 1368-1377.

Gey, K.F., Moser, U.K., Jordan, P., Stahelin, H.B., Eichholzer, M. and Ludin, E. 1993. Increased 

risk of cardiovascular disease at suboptimal plasma concentrations of essential 

antioxidants: an epidemiological update with special attention to carotene and vitamin C. 

American Journal of Clinical Nutrition 57(5, Suppl.): 787S-797S.

Goldstein, J.L. and Brown, M.S. 1977. The low-density lipoprotein pathway and its relation 

to atherosclerosis. Annual Reviews in Biochemistry 46: 897-930.

Greenberg, E.R., Baron, J.A., Stukel, T.A., Stevens, M.M., Mandel, J.S., Spencer, S.K., Elias, P.M., 

Lowe, N., Nierenberg, D.W. and Bayrd, G. 1990. A clinical trial of beta carotene to prevent 

basal-cell and squamous-cell cancers of the skin. The Skin Cancer Prevention Study Group. 

New England Journal of Medicine 323(12): 789-795.

Greenberg, E.R., Baron, J.A., Tosteson, T.D., Freeman, D.H., Beck, G.J., Bond, J.H., Colacchio, 

T.A., Coller, J.A. and Frankl, H.D. 1994. A clinical trial of antioxidant vitamins to prevent 

colorectal adenoma. New England Journal of Medicine 331(3): 141-147.

Haber, D., Siess, M.H., Dewaziers, I., Beaune, P. and Suschetet, M. 1994. Modification of 

hepatic drug metabolizing enzymes in rat fed naturally occurring allyl sulphides. 

Xenobiotica 24(2): 169-182.

Hamilton, M.L., Remmen, H., Drake, J.A., Yang, H., Guo, Z.M., Kewitt, K., Walter, C.A. and 

Richardson, A. 2001. Does oxidative damage to DNA increase with age? Proceedings of 

the National Academy of Sciences USA 98(18): 10469-10474.

Harman, D. 1956. Aging: a theory based on free radical and radiation chemistry. Journal of 

Gerontology 11: 298-300.

Hayes, J.D. and McLellan, L.I. 1999. Glutathione and glutathione- dependent enzymes 

represent a co-ordinately regulated defence against oxidative stress. Free Radical 

Research 31(4): 273-300.

Heaney, R.K. and Fenwick, G.R. 1987. Identifying toxins and their effects: glucosinolates. 

In: Watson, D.H., editor. Natural toxicants in food: 76-100. Sheffield Academic Press, UK.

Heinonen, O.P., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K., Hartman, A.M., 

Haapakoski, J., Malila, N., Rautalahti, M., Ripatti, S., Maenpaa, H., Teerenhovi, L., Koss, L., 

Virolainen, M. and Edwards, B.K. 1998. Prostate cancer and supplementation with 

alpha-tocopherol and beta- carotene: incidence and mortality in a controlled trial. Journal of 

the National Cancer Institute 90(6): 440-446.

Hertog, M.G., Feskens, E.J., Hollman, P.C., Katan, M.B. and Kromhout, D. 1993. Dietary 

antioxidant flavonoids and risk of coronary heart disease: the Zutphen Elderly Study. 

Lancet 342(8878): 1007-1011.

Hertog, M.G., Sweetnam, P.M., Fehily, A.M., Elwood, P.C. and Kromhout, D. 1997. Antioxidant 

flavonols and ischemic heart disease in a Welsh population of men: the Caerphilly Study. 

American Journal of Clinical Nutrition 65(5): 1489-1494.

Hofstad, B., Almendingen, K., Vatn, M., Andersen, S.N., Owen, R.W., Larsen, S. and Osnes, M. 

1998. Growth and recurrence of colorectal polyps: a double-blind 3-year intervention with 

calcium and antioxidants. Digestion 59(2): 148-156.

Holland, B., Unwin, J.D. and Buss, D.H. 1996. The composition of foods, 5th supplement. 

The Royal Society of Chemistry, London, UK.

Horton, J.D., Goldstein, J.L. and Brown, M.S. 2002. SREBPs: activators of the complete 

program of cholesterol and fatty acid synthesis in the liver. Journal of Clinical Investigation 

109: 1125-1131.

Keli, S.O., Hertog, M.G., Feskens, E.J. and Kromhout, D. 1996. Dietary avonoids, antioxidant 

vitamins, and incidence of stroke: the Zutphen Study. Archives of Internal Medicine 156(6): 

637-642.

Kelloff, G.J., Steele, V.E., Crowell, J.A., Lubet, R. and Sigman, C.C. 2000. Progress in cancer 

chemoprevention: development of diet-derived chemopreventive agents. Journal of 

Nutrition 130: 467-471.

Kirsch, M. and Groot, H. 2001. NAD(P)H, a directly operating antioxidant? FASEB Journal 15: 

1569-1574.

Knekt, P., Aruoma, A., Alfthan, G., Maatela, J., Hakama, M., Hakulinen, T. and Teppo, L. 1996. 

Re: prospective study of serum micronutrients and ovarian cancer. Journal of the National 

Cancer Institute 88(19): 1408.

Lee, C.K., Klopp, R.G., Weindruch, R. and Prolla, T.A. 1999. Gene expression profile of aging 

and its retardation by caloric restriction. Science 285(5432): 1390-1393.

Lindsay, D.G. 1999. Diet and ageing: the possible relation to reactive oxygen species. 

Journal of Nutrition, Health and Aging 3(2): 84-91.

Lu, S.C. 2000. Regulation of glutathione synthesis. Current Topics in Cellular Regulation 

36: 95-116.

Lunec, J. 1998. ESCODD: European Standards Committee on Oxidative DNA Damage. Free 

Radical Research 29(6): 601-608.

Machlin, L.J. 1980. Vitamin E – a comprehensive treatise. Marcel Dekker, New York, USA.

Mecocci, P., Fano, G., Fulle, S., MacGarvey, U., Shinobu, L., Polidori, M.C., Cherubini, A., 

Vecchiet, J., Senin, U. and Beal, M.F. 1999. Age-dependent increases in oxidative damage to 

DNA, lipids, and proteins in human skeletal muscle. Free Radical Biology and Medicine 

26(3–4): 303-308.

Meister, A. 1991. Glutathione deficiency produced by inhibition of its synthesis, and its 

reversal: applications in research and therapy. Pharmacology and Therapeutics 51(2): 

155-194.

Nomura, A.M., Stemmermann, G.N., Heilbrun, L.K., Salkeld, R.M. and Vuilleumier, J.P. 1985. 

Serum vitamin levels and the risk of cancer of specific sites in men of Japanese ancestry in 

Hawaii. Cancer Research 45(5): 2369-2372.

Omenn, G.S., Goodman, G.E., Thornquist, M.D., Balmes, J., Cullen, M.R., Glass, A., Keogh, 

J.P.,Meyskens, F.L., Valanis, B., Williams, J.H., Barnhart, S. and Hammar, S. 1996. Effects of a 

combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. 

New England Journal of Medicine 334(18): 1150-1155.

Peters, U., Poole, C. and Arab, L. 2001. Does tea affect cardiovascular disease? A 

meta-analysis. American Journal of Epidemiology 154(6): 495-503.

Petrault, I., Zimowska, W., Mathieu, J., Bayle, D., Rock, E., Favier, A., Rayssiguier, Y. and 

Mazur, A. 2002. Changes in gene expression in rat thymocytes identified by cDNA array 

support the occurrence of oxidative stress in early magnesium deficiency. Biochimica et 

Biophysica Acta 1586: 92-98.

Potter, J. and Steinmetz, K. 1996. Vegetables, fruit and phytoestrogens as preventive 

agents. In: Stewart, B., McGregor, D. and Kleihues, P., editors. Principles of 

chemoprevention: 61-90. International Agency for Research on Cancer, Lyon, France.

Pryor, W.A. 2000. Vitamin E and heart disease: basic science to clinical intervention trials. 

Free Radical Biology and Medicine 28(1): 141-164.

Rao, L., Puschner, B. and Prolla, T.A. 2001. Gene expression profiling of low selenium status 

in the mouse intestine: transcriptional activation of genes linked to DNA damage, cell cycle 

control and oxidative stress. Journal of Nutrition 131(12): 3175-3181.

Rautalahti, M., Albanes, D., Virtamo, J., Taylor, P.R., Huttunen, J.K. and Heinonen, O.P. 1997. 

Beta-carotene did not work: aftermath of the ATBC study. Cancer Letters 114(1–2): 

235-236.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K.R., Schimke, J., Barazzoni, R. and 

Nair, K.S. 2002a. Effects of caloric restriction on mitochondrial function and gene 

transcripts in rat muscle. American Journal of Physiology, Endocrinology and Metabolism 

283: E38-E43.

Sreekumar, R., Unnikrishnan, J., Fu, A., Nygren, J., Short, K.R., Schimke, J., Barazzoni, R. and 

Nair, K.S. 2002b. Impact of high-fat diet and antioxidant supplement on mitochondrial 

functions and gene transcripts in rat muscle. American Journal of Physiology, 

Endocrinology and Metabolism 282: E1055-E1061. Staels, B. 2001. Regulation of lipid and 

lipoprotein metabolism by retinoids. Journal of the American Academy of Dermatology 45: 

S158-S167.

Stahelin, H.B., Gey, K.F., Eichholzer, M. and Ludin, E. 1991a. Beta-carotene and cancer 

prevention: the Basel Study. American Journal of Clinical Nutrition 53(1, Suppl.): 

265S-269S.

Stahelin, H.B., Gey, K.F., Eichholzer, M., Ludin, E., Bernasconi, F., Thurneysen, J. and 

Brubacher, G. 1991b. Plasma antioxidant vitamins and subsequent cancer mortality in the 

12-year follow-up of the prospective Basel study. American Journal of Epidemiology 

133(8): 766-775.

Stahl, W. and Sies, H. 1998. The role of carotenoids and retinoids in gap junctional 

communication. International Journal for Vitamin and Nutrition Research 68(6): 354-359.

Standing Committee on the Scientific Evaluation of Dietary Reference. 2000. Dietary 

reference intakes for vitamin C, vitamin E, selenium, and carotenoids. National Academy 

Press, Washington, USA.

Steinmetz, K.A. and Potter, J.D. 1991a. Vegetables, fruit, and cancer. I. Epidemiology. 

Cancer Causes and Control 2(5): 325-357.

Steinmetz, K.A. and Potter, J.D. 1991b. Vegetables, fruit, and cancer. II. Mechanisms. Cancer 

Causes and Control 2(6): 427-442. Stoewsand, G.S. 1995. Bioactive organosulfur 

phytochemicals in Brassica oleracea vegetables – a review. Food and Chemical Toxicology 

33(6): 537-543.

Street, D.A., Comstock, G.W., Salkeld, R.M., Schuep, W. and Klag, M.J. 1994. Serum 

antioxidants and myocardial infarction. Are low levels of carotenoids and alpha-tocopherol 

risk factors for myocardial infarction? Circulation 90(3): 1154-1161.

Tang, Y., Lu, A., Aronow, B.J. and Sharp, F.R. 2001. Blood genomic responses differ after 

stroke, seizures, hypoglycemia, and hypoxia: blood genomic fingerprints of disease. Annals 

of Neurology 50: 699-707.

Tavani, A. and La Vecchia, C. 1999. Beta-carotene and risk of coronary heart disease. A 

review of observational and intervention studies. Biomedicine and Pharmacotherapy 53(9): 

409-416.

van Lieshout, E.M., Posner, G.H., Woodard, B.T. and Peters, W.H. 1998. Effects of the 

sulforaphane analogue compound 30, indole-3-carbinol, D- limonene or relafen on 

glutathione S-transferases and glutathione peroxidase of the rat digestive tract. 

Biochimica et Biophysica Acta 1379(3): 325-336.

van Ommen, B. and Stierum, R. 2002. Nutrigenomics: exploiting systems biology in the 

nutrition and health arena. Current Opinion in Biotechnology 13(5): 517-521.

van Poppel, G., Verhoeven, D.T.H., Verhagen, H. and Goldbohm, R.A. 1999. Brassica 

vegetables and cancer prevention – epidemiology and mechanisms. Advances in 

Experimental Medicine and Biology 472: 159-168.

van Zandwijk, N., Dalesio, O., Pastorino, U., de Vries, N. and van Tinteren, H. 2000. 

EUROSCAN, a randomized trial of vitamin A and N-acetylcysteine in patients with head and 

neck cancer or lung cancer. For the European Organization for Research and Treatment of 

Cancer: Head and Neck and Lung Cancer Cooperative Groups. Journal of the National 

Cancer Institute 92(12): 977-986.

Verhoeven, D.T., Goldbohm, R.A., van Poppel, G., Verhagen, H. and van den Brandt, P.A. 

1996. Epidemiological studies on brassica vegetables and cancer risk. Cancer 

Epidemiology, Biomarkers and Prevention 5(9): 733-748.

Wald, N.J., Watt, H.C., Law, M.R., Weir, D.G., McPartlin, J. and Scott, J.M. 1998. Homocysteine 

and cardiovascular disease: results of a prospective study with implications on prevention. 

Archives of Internal Medicine 158: 862-867.

Walker, J., Flower, D. and Rigley, K. 2002. Microarrays in hematology. Current Opinion in 

Hematology 9: 23-29. Weggemans, R.M., Zock, P.L., Ordovas, J.M., Ramos-Galluzzi, J. and 

Katan, M.B 2001. Genetic polymorphisms and lipid response to dietary changes in humans. 

European Journal of Clinical Investigation 31: 950-957.

Wierzbicki, A.S. and Mikhailidis, D.P. 2002. Beyond LDL-C - the importance of raising HDL-C. 

Current Medical Research and Opinion 18: 36-44.

World Cancer Research Fund. 1997. Food nutrition and the prevention of cancer: a global 

perspective. American Institute for Cancer Research, Washington, USA.

Woutersen, R.A., Appel, M.J. and Garderen-Hoetmer, A. 1999. Modulation of pancreatic 

carcinogenesis by antioxidants. Food and Chemical Toxicology 37(9–10): 981-984.

Yochum, L., Kushi, L.H., Meyer, K. and Folsom, A.R. 1999. Dietary flavonoid intake and risk of 

cardiovascular disease in postmenopausal women. American Journal of Epidemiology 149: 

943-949.

Zock, P.L., Katan, M.B. and Mensink, R.P. 1995. Dietary trans fatty acids and lipoprotein 

cholesterol. American Journal of Clinical Nutrition 61: 617.

Redlich, C.A., Chung, J.S., Cullen, M.R., Blaner, W.S., Bennekum, A.M. and Berglund, L. 1999. 

Effect of long-term betacarotene and vitamin A on serum cholesterol and triglyceride 

levels among participants in the Carotene and Retinol Efficacy Trial (CARET). 

Atherosclerosis 145(2): 425-432.

Richter, C., Park, J.W. and Ames, B.N. 1988. Normal oxidative damage to mitochondrial and 

nuclear DNA is extensive. Proceedings of the National Academy of Sciences USA 85(17): 

6465-6467. Riis, B. 2002. Comparison of results from different laboratories in measuring 

8-oxo-2’-deoxyguanosine in synthetic oligonucleotides. Free Radical Research 36(6): 

649-59.

Rimm, E.B., Katan, M.B., Acherio, A., Stampfer, M.J. and Willer, W.C. 1996. Relation between 

intake of flavonoids and risk for coronary heart disease in male health professionals. 

Archives of Internal Medicine 125: 384-389.

Rodrı´guez, H., Jurado, J., Laval, J. and Dizdaroglu, M. 2000. Comparison of the levels of 

8-hydroxyguanine in DNA as measured by gas chromatography mass spectrometry 

following hydrolysis of DNA by Escherichia coli Fpg protein or formic acid. Nucleic Acids 

Research 28(15): E75.

Sacks, F.M., Tonkin, A.M., Craven, T., Pfeffer, M.A., Shepherd, J., Keech, A., Furberg, C.D. and 

Braunwald, E. 2002. Coronary heart disease in patients with low LDL-cholesterol: benefit 

of pravastatin in diabetics and enhanced role for HDL-cholesterol and triglycerides as risk 

factors. Circulation 105: 1424-1428.

Sasaki, S., Tsubono, Y., Okubo, S., Hayashi, M., Kakizoe, T. and Tsugane, S. 2000. Effects of 

three-month oral supplementation of beta-carotene and vitamin C on serum 

concentrations of carotenoids and vitamins in middle- aged subjects: a pilot study for a 

randomized controlled trial to prevent gastric cancer in high-risk Japanese population. 

Japanese Journal of Cancer Research 91(5): 464-470.

Seedorf, U. and Assmann, G. 2001. The role of PPAR alpha in obesity. Nutrition, Metabolism 

and Cardiovascular Diseases 11(3): 189-94.

Sies, H. 1985. Oxidative stress: introductory remarks. In: Sies, H., editor. Oxidative stress: 

1-7. Academic Press, Orlando, USA.

Soukas, A., Cohen, P., Socci, N.D. and Friedman, J.M. 2000. Leptin-specific patterns of gene 

expression in white adipose tissue. Genes and Development 14: 963-980.

that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).



2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 

lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).



2.   A brief overview of key antioxidants

2.1  Vitamin C

Vitamin C promotes a healthy immune system, helps wounds to heal, and 
maintains connective tissue. It is not synthesized in humans but is obtained 
solely from the diet. This water-soluble antioxidant has a high reducing power 
and is able to quench a variety of ROS.

2.2  Vitamin E

Vitamin E is a generic term for a series of naturally occurring tocopherols and 
tocotrienols. Among them, a-tocopherol displays the highest antioxidant 
biological activity in vivo. Vitamin E is generally accepted as the primary 
lipid-soluble antioxidant in the human body, promoting the function of a 
healthy circulatory system, and having a role in the formation of erythrocytes 
and the use of vitamin K. Peculiarly, there is no known human deficiency 
disease associated with vitamin E.

2.3  Carotenoids

At least 60 carotenoids occur in those fruits and vegetable consumed by man. 
Besides the provitamin A carotenoids (a- and b-carotene and b-cryptoxanthin), 
lycopene and the hydroxy-carotenoids or xanthophylls (lutein and zeaxanthin) 
are the main carotenoids present in the human diet. Carotenoids are important 
not only for their provitamin A activity but also for a variety of other actions in 
vivo, including cell-cell communication (Stahl and Sies 1998).

2.4  Other bioactive compounds

2.4.1  Phenols

Phenols are ubiquitous in the plant kingdom. They are synthesized by the 
phenyl propanoid biosynthetic pathway, which produces the large variety of 
plant phenols that exists, including cinnamic and benzoic acid derivatives, 
flavonoids, proanthocyanidins, stilbenes, coumarins, lignans and lignins. Within 
each family of plant phenols, there are many more compounds; for example, 
over 4000 different flavonoids alone have been isolated from plants. Plant 
phenols are antioxidants by virtue of their phenolic hydroxyl groups.

2.4.2  Glucosinolates

Glucosinolates are also widespread plant constituents. Investigations into 
mechanisms surrounding the preventative action of Brassica vegetables, with 
regard to incidence of cancer, have shown that glucosinolate breakdown 
products (e.g. indoles and isothiocyanates) are most likely to be the active 
agents responsible (van Poppel et al. 1999; Verhoeven et al. 1996). Depending 
on the reaction conditions involved, individual glucosinolates form structurally 
different breakdown products that have different biological activities. Some of 
these (e.g. goitrin, several isothiocyanates and nitriles) may exert adverse 
effects and can even be toxic in higher doses. Others, however, (e.g. 
isothiocyanates such as sulforaphane) are very likely to be responsible for the 
protective anticarcinogenic effects resulting from consumption of a diet high 
in Brassica vegetables (Heaney and Fenwick 1987; Stoewsand 1995; Hecht 
1999; Kelloff et al. 2000). Indeed, the US National Cancer Institute classifies 
sulforaphane as ‘one of the 40 most promising anticarcinogens’ (van Lieshout 
et al. 1998). Taking into account these promising results, together with the 
commercial and consumer desire for finding non-toxic chemopreventative 
agents, especially of dietary origin, it is not surprising that glucosinolates are 
being considered as principal components in functional foods or nutraceuticals. 
A summary of the results of case studies concerning an association between 
consumption of Brassica vegetables and cancer development can be found in 
Verhoeven et al. (1996). These data give impressive epidemiological support 
for the continuing controversial effects of glucosinolate hydrolysis products on 
cancer development.

2.4.3  Glutathione

Glutathione (GSH) is an important cellular antioxidant. It is not absorbed in its 
native form as such from the diet but is broken down into its constituent 
amino acids on digestion; however, it constitutes one of the most abundant 
non-protein thiols in cells. GSH synthesis is tightly regulated and takes place in 
two stages. The first step links glutamic acid and cysteine and is catalysed by 
g-glutamyl cysteine synthetase to form g-glutamyl cysteine; this step is 
rate-limited by the amount of cysteine available. GSH is then assembled from 
g-glutamyl cysteine by means of GSH synthetase, which catalyses its addition 
to glycine. The overall pool of GSH available is regulated by a negative 
feedback control mechanism on g-glutamyl cysteine synthetase (Meister 
1991). Thus, the dietary availability of sulphur-containing amino acids (i.e. 
cysteine and methionine) can influence cellular GSH concentrations. In 

response to the generation of ROS, the cell can adapt to generate GSH 

and GSH S-conjugate efflux pumps. 
Co-ordination of this response is 
achieved, at least in part, through the 
antioxidant responsive element (ARE) 
found in the promoters of many genes, 
which are inducible by oxidative stress. 
Many cancer chemopreventative 
compounds are thought to act through 
the ARE mechanism by enhancing the 
amount of antioxidants available, and, 
consequently, the detoxification capacity 
of normal cells (Hayes and McLellan 
1999). Some of the phytochemicals in 
foods that behave as antioxidants may 
also act through a similar mechanism.
 
2.4.4  Bioactive compounds in allium vegetables

Allium vegetables, such as onions, garlic and leeks, contain a number 
of bioactive compounds such as cysteine sulphoxides, allyl sulphides 
and dithiolthiones that induce several phase I and II enzyme systems 
(Haber et al. 1994). Like the glucosinolates, the active principles found 
in allium vegetables result from enzymatic degradation and heat 
transformation. A constituent of garlic, for example, is 
S-2-propenyl-L-cysteine S-oxide (alliin). Action of the enzyme alliinase 
present in garlic on this compound gives rise to the distinctive garlic 
odour generated by formation of S-2-propenyl 2-propenethiosulfinate 
(allicin). Cooking mainly converts the allicin into diallylsulphide and 
related polysulphides (Block 1998), while ingestion converts these 
compounds into volatile dimethylsulphides.

2.4.5  Co-enzymes

There are many co-enzymes or factors that may contribute to 
maximizing antioxidant enzyme responses. Such compounds include 
NADPH (Kirsch and de Groot 2001) or lipoic acid (Biewenga et al. 
1997), which are synthesized in vivo. This means foods such as fruits 

and vegetables are not major sources of the precursors necessary for 
their biosynthesis. Fruit and vegetables, however, are a rich source of 
folates (Holland et al. 1996). Although these compounds are not 
antioxidants, it is likely that they play a role in DNA repair and that their 
intake reduces levels of plasma homocysteine, a risk factor in CVD (Wald 
et al. 1998). It has also been proposed that vitamin B6 is an important 
antioxidant in the plant cell (Ehrenshaft et al. 1999) and may play a role 
in maintaining the cellular redox state since it is an important co-enzyme 
in the transulphuration pathway (Lu 2000). Although fruit and 
vegetables are not the most important dietary source of vitamin B6, 
cereals and pulses are rich sources.

2.4.6  Selenium

Selenium is an essential nutrient that is present in some amino acids. 
Selenium intakes in Europe have fallen over recent years with the 
replacement of US wheat by European wheat, which contains less 
selenium, in bread manufacture. Selenium is intrinsically important as a 
component of glutathione peroxidase – one of a group of important 
cellular antioxidant enzymes that also includes superoxide dismutase 
and catalase – as well as at least 30 other proteins (Flohe et al. 1973). 
The identification of various types of so-called selenoproteins has shown 
that this element is involved in three main areas of metabolism, namely 
the antioxidant system, the redox system and thyroid hormone 
metabolism (Arthur 1999).

3.  Direct evidence of benefit of dietary antioxidants from 
human studies

3.1 Epidemiology

Epidemiological surveys have provided a large body of evidence that 
suggests diets rich in specific antioxidants (from sources such as 
vegetables, fruits and some vegetable oils) diminish the relative risk of 
premature death from CVD and cancer. Relative risk from these diseases 
seems to be lowered in individuals consuming such diets when their 
blood plasma concentrations reach _50 mmol/l for vitamin C, _30 mmol/l 

About IFIS

IFIS is a leading international information provider 
and distributor of food science and drink related 
information. We produce FSTA®, the food science 
resource, covering the scientific and technological 
literature relating to food, drink and nutrition, from 
farm to fork and beyond.

About FSTA®

FSTA®, our established, comprehensive and food 
science centric information resource, gives you 
access to 1000+ international content sources, 
with high quality abstracts selected and created by 
IFIS’ team of expert scientists for their relevancy 
and scientific integrity.

As a respected and renowned international 
provider of food science information, IFIS work 
with a number of partners, including Wolters 
Kluwer Health, Dialog, Ebsco and Thomson 
Reuters, to provide high quality food science and 
food technology information to the food science 
community.

To contact us for more information or a trial of 
FSTA® visit www.ifis.org

Disclaimer

The information contained herein, including any 
expression of opinion and any projection or 
forecast, has been obtained from or is based upon 
sources believed by us to be reliable, but is not 
guaranteed as to accuracy or completeness. The 
information is supplied without obligation and on 
the understanding that any person who acts upon 
it or otherwise changes his/her position in reliance 
thereon does so entirely at his/her own risk. Use of 
general descriptions, trademarks and the like, even 
if not specifically identified as such, does not imply 
that they are not protected by relevant regulations.

© IFIS 2011. International Food Information 
Service (IFIS Publishing) operating as IFIS.

All rights reserved. Complying with all applicable 
copyright laws is the responsibility of the user. 
Without limiting the rights under copyright, no part 
of this document may be reproduced, stored in or 
introduced into a retrieval system, or transmitted in 
any form or by any means (electronic, mechanical, 
photocopying, recording, or otherwise), or for any 
purpose, without the express written permission 
of IFIS. 

1.  Introduction

All cells in the body produce free radicals, together with other reactive oxygen 
or nitrogen species (ROS or RNS), in the normal course of metabolism; these 
radicals have an essential role in energy derivation, chemical signaling and 
detoxification as well as the proper functioning of our immune system.

If this rate of ROS production outstrips its tightly regulated consumption, 
oxidative stress (an imbalance in favour of oxidation) occurs (Sies 1985), 
which leads to oxidative damage to cellular components including lipids, 
proteins and DNA. Excessive generation of ROS – whether as a result of 
physiological stress (e.g. disease) or environment (e.g. smoking) – or failure to 
control ROS activity can ultimately lead to cell death (i.e. apoptosis). Whilst 
undesirable for the individual cell, this protective mechanism ensures the 
long-term survival of the whole organism. The risk, however, with oxidative 
stress is that disruption of normal cellular structure and function, caused by 
oxidative damage, prevents apoptosis allowing injured cells to proliferate. 
Many common conditions are associated with both oxidative stress and the 
resulting oxidative damage to cellular structure and function, including cancer, 
cardiovascular disease (CVD), dementia, cataract, diabetes and autoimmune 
diseases. Assuming that ageing also occurs as a result of oxidative damage, 
this could explain the correlation between growing older and increased risk of 
degenerative diseases. Indeed, ageing is coupled with increased cellular 
oxidative damage (Beckman and Ames 1998; Fraga et al. 1990; Hamilton et al. 
2001; Mecocci et al. 1999; Richter et al. 1988), and a substantial body of 
evidence has accumulated that supports the hypothesis that this is due to the 
effects of oxidative stress (Harman 1956; Beckman and Ames 1998).

The inherent need for ROS during aerobic metabolism means that a variety of 
antioxidant defences in vivo are essential. The role of such ‘antioxidants’ is to 
ensure that the normal redox balance (reduced: oxidized ratio of cell 
components) of a cell is maintained and that ROS generation is transitory. The 
precise action of antioxidants varies according to the need, location and risk to 
the organism. Antioxidant defences include a large number of proteins as well 
as chemical antioxidants, which remove ROS, control their chemistry, and 
repair oxidative damage. In turn, oxidants and other chemicals coordinate and 
control the action of antioxidants, although the effectiveness of these 
processes can be determined by an individual’s genotype for the various 
proteins involved in each biochemical pathway. Chemical antioxidants can be 
either hydrophilic or lipophilic, with many being obtained directly from food 
sorces. Increasingly, however, it is recognized that not all food components 
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lipid-standardized vitamin E (a-tocopherol:cholesterol ratio _5:1), _2.2 
mmol/l vitamin A, _0.4 mmol/l b-carotene, and _0.4–0.5 mmol/l a-plus 
b-carotene (Standing Committee on the Scientific Evaluation of Dietary 
Reference 2000). Individuals with plasma levels that are 25–35% below these 
thresholds will have at least a two-fold higher risk of developing these diseases. 
Furthermore, sub-optimal levels of any of these compounds may increase 
relative disease risk independently, although lower levels of more than one 
compound may act synergistically to increase disease risk disproportionately.

3.2 Observational and case-control studies

Observational and case-control studies have shown that diets low in fat and 
high in fruits and vegetables are protective against heart disease (Gey et al. 
1993; Diaz et al. 1997). Carotenoid plasma levels in general, and b-carotene in 
particular, have been correlated negatively with the risk of CVD (Street et al. 
1994; Tavani and La Vecchia 1999; Gaziano and Hennekens 1993), while an 
inverse relationship has been found between cardiovascular risk and diets rich in 
vitamins C and E (Gey et al. 1987, 1993). The evidence suggests that vitamin E 
is a more important discriminator with regard to the prevention of CVD (Gey 
1998). High levels of vitamin C in blood plasma are, however, also associated 
with a significant reduction in mortality arising from myocardial infarction, 
stroke and other forms of CVD, particularly in the UK. A number of studies have 
examined the possible link between flavonoid intake and prevention of CVD, 
with many of these concentrating on red wine and tea consumption. Most of 
these studies have demonstrated a significant reduction in coronary heart 
disease and risk of stroke (Hertog et al. 1993; Keli et al. 1996; Peters et al. 
2001; Knekt et al. 1996; Yochum et al. 1999; Rimm et al. 1996) although one 
UK study could not find any association (Hertog et al. 1997).

In a similar manner, higher consumption of fruits and vegetables is associated 
with reduced risk of cancer at most sites throughout the body, although 
particularly in respiratory and gastrointestinal tract cancers (Steinmetz and 
Potter 1991a, 1991b; Block et al. 1992; World Cancer Research Fund 1997; 
Potter and Steinmetz 1996). Since it is likely that intake of vitamin C and other 
antioxidants are good indicators of fruit and vegetable consumption, it is hardly 
surprising that observational studies show such a similar pattern. Vitamin E, 
however, is an exception (Standing Committee on the Scientific Evaluation of 
Dietary Reference 2000) – there is no obvious link between vitamin E intake 
alone and reduced risk of cancer. Numerous other observational studies have 
described a correlation between intake of yellow-orange and leafy green 
vegetables and reduction in cancer risk. Moreover, plasma b-carotene 

concentration is a good biomarker of fruit and vegetable intake, with low 
plasma levels of b-carotene being indicative of increased cancer incidence 
(Stahelin et al. 1991a, 1991b; Nomura et al. 1985). Meta-analysis of 
observational studies suggests that carotenoid-rich diets may specifically 
prevent cancer of the stomach, oesophagus, lung, oral cavity and pharynx, 
endometrium, pancreas and colon (World Cancer Research Fund 1997; 
Woutersen et al. 1999).

3.3 Intervention studies

Although intervention studies provide a more rigorous form of investigation 
than observational studies, they are not without their weaknesses. Many 
intervention studies have been designed as chemopreventative studies, using 
doses that are impossible to achieve except by supplementation of the diet 
(Lee et al. 1999; Redlich et al. 1999; Albanes et al. 2000; Arab and Steck 
2000; Christen et al. 2000; Devaraj and Jialal 2000; Sasaki et al. 2000; Pryor 
2000; van Zandwijk et al. 2000). Similarly, studies using single supplements 
or simple mixtures, in an attempt to avoid confounding synergistic effects, 
have been undertaken with individuals who are likely to have a pre-existing 
disease, albeit asymptomatic, or suffer high levels of oxidative stress (e.g. 
smokers). Because intervention studies involving long-term disease 
end-points are difficult and expensive, so-called surrogate biomarkers (e.g. 
DNA strand breaks or oxidized bases) are used in surrogate tissues (tissues 
that are readily accessible, e.g. lymphocytes or urine), which are not normally 
affected by the disease process but are nevertheless assumed to respond in 
the same way as those that do. Some biomarkers have been well validated in 
analytical terms although, in general, they lack a direct relationship with the 
disease under examination. Thus, it does not follow that changes detected by 
individual biomarkers during or following antioxidant administration indicate 
an impact on disease progression or outcome. Furthermore, little is known 
about the levels of oxidative damage that might be considered normal or 
about changes in biomarkers (e.g. increased concentration of specific oxidized 
DNA bases in urine) that reflect a reduction, or for that matter an increase, in 
disease risk. Like disease risk and antioxidant protein regulation, biomarker 
formation is affected by genotype; any potential benefits associated with 
antioxidant consumption are more likely to be detected in a population under 
oxidative stress or with impaired antioxidant status than in a healthy 
population. Moreover, discernment of benefit will be different in apparently 
healthy individuals compared with those suffering from degenerative 
diseases. Finally, an appropriate biomarker for healthy individuals may not be 
suitable for individuals with a particular disease.

Although double-blind, placebo controlled studies using nutritionally-relevant 
doses have yet to be undertaken for the majority of dietary antioxidants, 
sufficient evidence exists with vitamin E for the recommendation of modest 
dietary supplementation (100–400 IU/day) as part of a general programme of 
heart-healthy behaviour; this includes a fruit- and vegetable-rich diet and regular 
exercise (Pryor 2000). The fact that vitamin E intake from fruits and vegetables is 
low, however, raises the question of whether this antioxidant is important in 
explaining the protective effects observed in connection with consuming such a 
diet.

Few intervention trials have been undertaken in relation to studying effects of 
vitamin E on incidence of cancer only; those that have been performed have 
demonstrated no protective effect (Greenberg et al. 1994). It is difficult to obtain 
more than 20–30 IU/day of vitamin E by dietary means (Machlin 1980) and most 
clinical trials involving vitamin E have used supplements at significantly higher 
levels. The alpha-tocopherol-beta-carotene (ATBC) study showed no effect of 
vitamin E supplementation on lung cancer risk in heavy smokers (50 IU vitamin 
E/day), although a 34% lower incidence of prostate cancer was observed 
(Heinonen et al. 1998). Furthermore, several trials investigating preventative 
effects against recurrence of colorectal adenoma using vitamin E supplements 
showed no effect (Chen et al. 1988; DeCosse et al. 1989; Greenberg et al. 1994; 
Hofstad et al. 1998).

Trials involving b-carotene 
supplementation, or more 
frequently the combined effects of 
b-carotene and a-tocopherol 
supplementation, are complex. 
Many of these studies show no 
protective effects derived from 
such supplementation (Greenberg 
et al. 1990), whilst others suggest 
major benefits only where 
nutritional deficiencies were 
known to be prevalent (e.g. 
Linxiang study in China; Blot et al. 
1993). The ATBC study involved 
smokers in a two-by-two factorial 
design in doses (25 mg b-carotene 
and/or 50 mg vitamin E). This level 
of intake represented a tenfold 

excess above median intakes of 

b-carotene in an ‘at risk’ population. After two years, serum b-carotene levels 
rose 17.5-fold, and participants who received b-carotene alone or in 
combination with vitamin E had significantly higher rates of lung cancer and 
mortality. The greatest increase was seen in the heaviest smokers (Albanes et 
al. 1996; Rautalahti et al. 1997; ATBC Cancer Prevention Study Group 1994). 
The CARET study also involved people at high risk of developing lung cancer 
(i.e. smokers and workers exposed to asbestos; Redlich et al. 1999). 
Individuals in this intervention group received combined doses of b-carotene 
and vitamin A (25 000 IU retinyl palmitate) and also displayed an increased 
risk of lung cancer. However, ex-smokers and those with the highest initial 
levels of serum b-carotene had a much decreased risk of lung cancer (Omenn 
et al. 1996).

In short, human intervention studies, in contrast to the observational and 
case-control studies, do not provide overwhelming or consistent evidence for 
the beneficial effects of antioxidants.

4. Antioxidants and functional foods

The potential for supplements and functional foods, in terms of product 
development and available markets, is considerable. There are accepted, 
clinically demonstrated, uses for some dietary supplements, e.g. use of folic 
acid in pregnant women to prevent possible neural tube defects in the foetus, 
and use of B-vitamin supplements to counteract the malabsorption from the 
diet caused by treatment with biguanide (Metformin) in diabetics. In addition, 
there is demonstrable value in the inclusion of specific plant sterols within a 
healthy diet in order to reduce overall cholesterol content, particularly levels 
of low-density lipoprotein (LDL)-cholesterol. There is perhaps also sufficient 
evidence to include fish oils in the diet in order to treat and prevent heart 
disease and arthritis, as well as perhaps controlling metabolic syndrome (e.g. 
obesity, non-insulin dependent diabetes, abnormal blood lipid patterns and 
high blood pressure) and improving concentration in younger children. From a 
consumer viewpoint, the idea that supplements offer protection from chronic 
illnesses, be they the common cold or cancer, has caught on. Functional foods 
appear to have been accepted under a similar ‘body of scientific evidence’. 
There is not, however, any overwhelming evidence from human studies in 
favour of antioxidants that in vitro studies had promised.

Relatively few studies have examined the effects of antioxidants at levels 
likely to be relevant in vivo to nutritional studies on healthy people using 
validated biomarkers. By implication, the diverse group of compounds known 

as antioxidants may have the capacity to regulate multiple key cellular 
processes such as cell proliferation and apoptosis, with important implications 
for understanding major disorders such as coronary heart diseases and cancer, 
and their prevention. However, although oxidative compounds have been 
frequently reported to cause cellular damage, they may also be mediators of 
change (e.g. cell signals) in cell function, proliferation and differentiation. 
Thus, there is still a need to understand the relative importance of the 
disparate roles of oxidants as well as the action of so-called antioxidants on 
oxidant behaviour and cellular response. To do this, however, requires a 
change of approach. It is no longer simply a matter of how dietary 
antioxidants affect the cellular process but also how cellular processes 
interact with food components at the molecular level. Nutritional genomics – 
how food compounds interact with our DNA, RNA and proteins – has 
tremendous potential to change the future of dietary guidelines with regard 
to recommendations for the individual.

5.  Cardiovascular disease: an example of integrated 
thinking?

Epidemiological, together with observational and casecontrol studies, suggest 
a reduced risk of CVD following elevated consumption rates of vitamin E. 
However, as has already been noted, evidence from intervention studies 
regarding potential benefits of supplementation with this vitamin is, by and 
large, inconclusive. However, if genetic variability were taken out of the 
equation, might the evidence from intervention studies using vitamin E be 
more conclusive?

Dietary cholesterol concentrations can be modulated in a predictable manner 
by intake of different dietary fats. Consumption of cis-unsaturated fatty acids 
in particular, as well as fruits, vegetables and fibre reduces an individual’s risk 
of contracting CVD. Similarly, the proportion of LDL-cholesterol and 
high-density lipoprotein (HDL)- cholesterol can be manipulated, to a limited 
extent, by dietary behaviour.

Blood pressure and HDL:LDL ratio are accepted clinical biomarkers for CVD risk 
(Zock et al. 1995; Goldstein and Brown 1977; Craig et al. 1980; Wierzbicki and 
Mikhailidis 2002; Sacks et al. 2002). As individuals become older, the balance 
between health and disease shifts to favour the development of disease; 
biomarkers such as HDL:LDL ratio, develop late in the degenerative process 
leading to CVD. It is very unlikely that dietary compounds will reverse the 
disease process, although they might slow down its effects. An important aim, 

therefore, is to use food to prevent development of degenerative disease; 
however, securing early biomarkers for the prevention of CVD is much more 
difficult.

A healthy lipid profile is thought to be achieved by the coordinated action of a 
large number of biochemical pathways, involving hundreds of genes. Genetic 
variability has been demonstrated for the majority of these pathways, which 
explains the variability between individuals in cholesterol concentrations and 
HDL:LDL ratios, and their responses to dietary intervention. Some genotypes 
predispose an individual towards an abnormal lipid metabolism and lipoprotein 
profiles (Weggemans et al. 2001), leading development of atherosclerosis and 
CVD. Thus, simply determining disease risk on the basis of either a single 
factor (e.g. total cholesterol) or protection by a single compound (e.g. vitamin 
E) is misleading, particularly when other factors such as lifestyle choice exert 
such an influence.

The role of lipoproteins and vitamin E on the development and prevention, 
respectively, of CVD is supported by mechanistic evidence, which has been 
accumulated over a long period of time. Quite apart from the effect of lipid 
genotype on CVD phenotype, there is an obvious relationship with glucose 
metabolism (i.e. the insulin-glucagon regulatory mechanism) and transporter 
mechanisms (Horton et al. 2002; Chen et al. 2001; van Ommen and Stierum 
2002); retinoids, and therefore some carotenoids, which affect the lipid profile 
by their action on triglyceride regulation via retinoic acid receptors (RAR) and 
retinoid X receptors (RXR; Staels 2001); and adipocytes, which regulate fatty 
acid metabolism, in part, through peroxisome proliferator-activated receptor 
(PPAR)-related systems (Seedorf and Assmann 2001; Debril et al. 2001). 
Satiety affects disease risk since, unlike protein consumption, eating a diet 
rich in saturated fats does not promote the function of leptin and other 
hormone-like functions controlling appetite (Soukas et al. 2000; van Ommen 
and Stierum 2002). Although, for mechanistic purposes, the study of isolated 
genes or proteins and metabolite concentrations is extremely useful, in 
complex situations the entire metabolic system needs to be considered. For 
other diseases like colorectal cancer or food allergy, mechanistic information 
on the effects of diet on disease prevention, occurrence and progression is not 
as readily available. The identification of predictive biomarkers for early 
biological changes, with a view to disease prevention, is lacking and the 
influence of genetic variability on each relevant biochemical pathway is even 
less well understood. The complex relationship between diet and a variety of 
key known biochemical pathways means that systems biology, using 
post-genomics technologies, appears to be the only way to make progress.

6. Nutrigenomics – not a panacea

Even with the use of post-genomics technologies, there are still enormous 
challenges to be faced in understanding how food or food compounds affect 
health. The technologies are relatively new, and researchers are rethinking 
their approaches to procedures such as study design, sample collection, data 
storage, and volunteer selection for practical, theoretical and, not least, 
logistical reasons. One factor is the volume of data that these techniques 
generate. For example, a single analytical procedure using, for example DNA 
microarrays, can easily generate tens of thousands of data points, each 
relating to the expression of a single gene, some of which will be linked – 
often in unknown ways – whilst others are independent. These data are also 
derived from only a single method of analysis and results should be confirmed, 
albeit on a more limited scale, with at least one alternative approach.

Whilst clinical symptoms of a disease are biomarkers in themselves, they are 
not suitable for early detection and therefore prevention. A series of 
biomarkers, in tissues that are easily accessible from apparently healthy 
individuals, as well as those at different stages of disease progression, is 
desirable. Early biomarkers can yield information on the nature of ROS damage 
and the action of food compounds – including antioxidants – in vivo. Initial 
results have indicated that genomic ‘fingerprints’ can be obtained, which can 
be used as biomarkers (Tang et al. 2001; Walker et al. 2002). However, more 
work is needed to determine whether these patterns can serve as valid 
biomarkers in relation to consumption of certain food compounds for the 
maintenance of good health or prevention of disease. The majority of work 
undertaken to date has typically been performed using surrogate tissues. The 
validity of using such tissues has yet to be demonstrated, as does control of 
the effects of processing techniques (e.g. post-genomic technologies) on 
these tissues; such effects could include changes in gene expression (e.g. 
inducing heat-shock proteins).

Another issue facing nutrition research in the post-genomic era is the 
prospect of working from the point of ignorance. Although the human genome 
has now been mapped and considerable headway has been made in 
interpreting the information contained therein, the implications of subtle 
differences in the DNA code between individuals is not, as yet, understood. 
We have also come to understand that some apparently ‘abnormal’ genotypes 
may confirm some other benefit to the individual, e.g. protection from malaria. 
When armed only with the DNA code or with very limited understanding of 
the interaction between a given genotype and its effect on human health, it is 
difficult to make accurate predictions regarding risk of disease or benefit from 

a particular treatment. Chronic diseases such as cancer, CVD and diabetes 
involve many different genes and biochemical pathways, and are linked to a 
variety of external factors such as lifestyle. This means nutrigenomics is 
currently unable to offer any definitive conclusions regarding dietary regimens 
that minimize disease risk in later life. In fact, it may never be able to do so, 
since these diseases are about relative risk. However, as with genetic 
disorders, some of the information that is emerging from the systems biology 
approach is proving difficult to handle. For example, a mutation in 
apolipoprotein E (e4/e4), which is found in 1–3% of the UK population, is 
associated with increased risk of early CVD; 
changes in dietary fat intake are successful in 
reducing this risk. However, this genotype is also 
linked with a 60% increased risk of developing 
Alzheimer’s disease. It is not clear whether a 
reduced risk of CVD is concomitant with a 
reduced risk of Alzheimer’s disease following 
modification of an individual’s dietary lipid 
intake. Such dilemmas are inevitable with 
increasing understanding of the link between 
diet and disease, and the role of genotype in risk.

7. Conclusions

There is compelling epidemiological evidence that links diets containing large 
quantities of antioxidant-rich foods with a reduced risk of degenerative 
disease. This has led to the suggestion that dietary antioxidants may 
augment cellular defences and help protect components of the cell from 
oxidative damage. However, a large amount of global research generated in 
this field has produced data that both support and challenge this hypothesis. 
Observational studies in humans have demonstrated an association between 
high plasma levels of dietary antioxidants and protection against a number of 
chronic disorders. However, plasma antioxidant concentrations reflect dietary 
antioxidant intake, and an association is not necessarily causal. Moreover, 
human intervention studies have shown no consistent benefit.

It is now clear that the relationship between ROS, antioxidants, and the 
individual are far more complex than originally envisaged. There is no 
evidence to support the view that any one antioxidant is more essential than 
another. Indeed, there is evidence that shows some synergistic mechanism in 
operation, as derived from all components of a diet rich in fruits, vegetables, 
cereals and plant derived fats. In this way, good health is maintained and the 

risk of developing disease is minimized. However, as humans become older, 
the chances of developing degenerative diseases become higher. Consumers 
believe that consumption of antioxidants can promote good health and 
prevent incidence of disease, whether they are in the form of supplements or 
functional foods. The body of available evidence supporting this, however, is 
not so certain.

As a consequence of genetic differences (e.g. MTHFR gene and folates), there 
are distinct population differences regarding absorption and/or turnover of 
dietary antioxidants. However, there is insufficient information available 
regarding antioxidant metabolism, their distribution within tissues and cells, 
and the nature of their metabolites to know whether these differences are 
important, what the relevant target sites for these compounds are, and 
whether or not these will be sensitive to changes in intake. If the active 
compound cannot be measured at a target site, information on the 
relationship between a surrogate tissue (e.g. blood) and concentrations at the 
target site will have to be obtained from animal studies or other suitable 
models. In addition, not all bioactive dietary components exhibit such 
properties when present in foods, and risk-benefit analyses will also be 
needed for the metabolites of dietary antioxidants. Future human dietary 
intervention studies need to be conducted more rigorously, and should be 
modelled on pharmaceutical trials in order to discover the fate of dietary 
antioxidant compounds in vivo, together with factors that influence their 
bioavailability. This information can then be used to design and interpret 
studies that prove whether a given dose/range of intake is beneficial, as well 
as allowing risk-benefit evaluation to be carried out based on exposure to a 
specific compound for a given genotype in target tissues.

There are inherent strengths and weaknesses in the different biomarkers for 
the antioxidants currently available. Experts in the EU-funded FP5 Concerted 
Action European Research on the Functional Effects of Dietary Antioxidants 
(EUROFEDA 2002) used a specific set of criteria to establish the validity of 
biomarker methods currently used, and more importantly, to identify areas for 
further study. The European Standards Committee on DNA damage (ESCODD 
2000, 2002a, 2002b, 2003) validated different methods of measuring 
8-oxo-guanine (the most commonly oxidized DNA base) in pure DNA as well as 
in DNA isolated from cells and tissues (Collins et al. 2004; Lunec 1998; Riis 
2002; Rodrı´guez et al. 2000); many potential biomarkers for determining 
oxidative damage would benefit from the same scrutiny. Since biomarker 
formation is affected by genotype, there is an urgent need to establish intra- 
and inter- individual variation in biomarkers that represents normal values, 
and the factors influencing them. Currently, the relationship between 

biomarkers and onset of degenerative disease is poorly validated. Benefits to 
health are more likely to be detected in a population under oxidative stress, or 
with impaired antioxidant status, but any conclusions reached in such a group 
may not be applicable to healthy individuals earlier in the disease process.

A limited number of papers relating to nutrigenomics have appeared so far, 
with most of them focusing on analysis of multiple gene expression 
(transcriptomics). Of these studies, only a few have been conducted in humans. 
Changes in gene expression associated with age can be eliminated by caloric 
restriction (Lee et al. 1999), which also enhances the transcription of genes 
involved in endogenous antioxidant scavenging mechanisms as well as tissue 
development and energy metabolism. Caloric restriction decreases 
simultaneously the expression of genes involved in stress responses, signal 
transduction, and structural protein manufacture (Sreekumar et al. 2002a). In 
rats, it has been shown that gene expression, induced by a high lipid diet, can 
be modified by antioxidant supplementation (Sreekumar et al. 2002b). 
Similarly, low levels of dietary magnesium induce expression of genes involved 
in protection from, and repair of, oxidative damage (Petrault et al. 2002; van 
Ommen and Stierum 2002). Furthermore, mice fed a low selenium diet showed 
increased expression of genes involved in DNA damage processing, control of 
oxidative stress and the cell-cycle, and decreased expression of genes involved 
in detoxification (Rao et al. 2001). These studies indicate that gene expression 
profiling can be used to detect sub-optimal intakes of essential food 
compounds and that genes already known to be associated with antioxidant 
intake can be identified (van Ommen and Stierum 2002). The advantage of this 
approach is the mechanistic prediction of action, which will lead to a better 
understanding of health effects of certain diets or physiological factors (e.g. 
ageing) and the beneficial effects of dietary intervention (e.g. antioxidant 
treatment).

Although it is clear that nutrigenomics is capable of providing new insights 
into the effects of antioxidants on health, post-genomics technologies are not 
yet fully developed and need further technological improvements as well as 
supporting bioinformatics and databases. It should also be remembered that 
hypotheses postulated using transcriptomics, proteomics and metabolomics 
need to be confirmed using conventional biochemical or molecular biological 
tools. Furthermore, most biologists and nutritional scientists need to be 
trained in the appropriate use of these technologies, together with 
interpretation of the data and associated ethical considerations underlying 
disclosure of the associated information.

Long-term human intervention studies aimed at measuring the effect of 
antioxidants on biological end-points in relation to health or disease remain 
the ultimate aim for nutritional research, even though such studies are 
generally not possible. However, consumers need to be offered information 
that allows them to make informed decisions regarding their lifestyle, 
including dietary behaviour. Therefore, nutritional sciences need to embrace 
nutritional genomics and systems biology in order to determine whether 
observations that dietary antioxidant consumption from food contributes 
significantly to our health are indeed correct.
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that contribute to our antioxidant defences do so simply because of their 
antioxidant chemistry, but also because of their ability to interact with cell 
signaling mechanisms. Alteration in the cellular redox state can act as a 
powerful trigger for signal transduction, gene transcription and 
post-translational modification of proteins.

The antioxidant hypothesis is based on the assumption that antioxidants have 
a capacity to limit the adverse effects of oxidative damage, with the first 
experiments in this field being conducted over 40 years ago. Although many 
researchers have claimed success in reducing oxidative damage and disease, 
few have been rigorous in either their experimental design or their 
interpretation (Lindsay 1999). In spite of this, it has been demonstrated that 
diets rich in fruits, vegetables, cereals, nuts and plant-derived oils provide a 
rich source of food components (many of which have antioxidant 
characteristics) that may play important roles in augmenting cellular defences 
against oxidative stress, thereby preventing the development of age-related 
disease. However, the issue of optimum intake of these components (i.e. how 
much and what we should eat) still remains under debate. Although 
recommended dietary intakes exist for some of these food-derived 
components (e.g. vitamins and trace elements such as selenium; Standing 
Committee on the Scientific Evaluation of Dietary Reference 2000), these 
recommendations exist only to avoid the onset of deficiency diseases. Dietary 
reference intakes for other bioactive compounds (e.g. antioxidants such as 
carotenoids and polyphenols) do not exist and there seems to have been little 
progress in determining what they might be.

In 2004 alone, over 500 reviews were published 
examining the effect of antioxidants on subjects as 
diverse as atherosclerosis, cataract, mitochondrial 
function, neuroprotection, and gene transcription. In 
addition, numerous food components have been 
shown to offer beneficial ‘antioxidant’ properties. 
Some of the more well known of these are the 
vitamins C and E, carotenoids, polyphenols and 
glucosinolates, although there is also considerable 
interest in selenium and glutathione because of 
their role in endogenous antioxidant systems. One 
of the most comprehensive reviews of dietary 
antioxidants and their role in human health can be 
found in European Research on the Functional 
Effects of Dietary Antioxidants (EUROFEDA 2002).
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