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Adverse dietary factors account for approximately 30% of all cancers. Overconsumption of
energy is undoubtedly one of the major risk factors, but dietary composition is also very
important. In particular, a low consumption of fruits and vegetables appears to double the risk
of carcinomas of the lung and alimentary tract. Epidemiological studies suggest that high
plasma levels of Se, carotenoids and ascorbic acid are protective against cancer. However,
intervention studies with antioxidant nutrients have given mixed results, and it has not been
established that the benefits of a high intake of fruits and vegetables are invariably related to
the prevention of oxidative DNA damage. Folic acid supplementation appears to protect against
colo-rectal neoplasia, probably by preventing mutations associated with the repair of uracil
mis-incorporation. However, there are indications from animal studies that exposure to high
levels of folic acid at certain stages of development may lead to epigenetic effects that are, as
yet, poorly understood. There seems little doubt that micronutrients contribute to the protective
effects of plant foods against cancers of the lung and alimentary tract, but it has not been
established that these benefits can be achieved using supplements.

Diet: Antioxidants: Selenium: Folate: Cancer

There is abundant epidemiological evidence to show that
diet plays a major role in the aetiology of human cancers.
In their much quoted review of the causes of cancer Doll
& Peto (1981) concluded that between 10 and 70% of all
cancers in the USA and other industrialised countries are
caused by diet. This issue has been re-examined by a
number of different authors and committees over the last
two decades, but the general consensus that diet accounts
for approximately 30% of all cancers remains intact (World
Cancer Research Fund, 1997). This percentage represents
a huge burden of disease that is, in principle at least,
susceptible to prevention, but it is proving extremely dif-
ficult to translate epidemiological evidence into practical
health policies. However, two main nutritional issues that
bear directly on the risk of cancer at the population level
have emerged. First, overweight, combined with low phy-
sical activity, is now recognised as a major cause of cancer
in Western populations (Caan et al. 1998), and measures to
discourage obesity at all stages of life have become a
cornerstone of public health policy. Second, a relatively
low intake of fruit and vegetables is an established risk
factor for many of the most important cancers, in particular
carcinomas of the alimentary tract and lungs (Block et al.
1992). The most recent large-scale evaluation of this issue,
published as a Handbook of Cancer Prevention by the

International Agency for Research on Cancer (2003), has
concluded that a higher intake of fruit probably lowers the
risk of cancers of the oesophagus, stomach and lung, and a
high intake of vegetables probably lowers the risk of
cancers of the oesophagus and colon–rectum.

Plant foods are important sources of micronutrients,
and this fact has focused attention on the possible role of
vitamins and minerals in cancer prevention. Ames and
colleagues (Ames, 1999; Ames & Wakimoto, 2002) in
particular have argued that suboptimal intake of vitamins
and minerals is widespread in the West, and that this factor
leads directly to DNA damage at levels comparable with
the effects of ionising radiation. Fruit and vegetable con-
sumption is generally static or declining in the West,
whereas micronutrient supplements are relatively inexpen-
sive and popular with consumers. Clearly, there would be
much to be gained if micronutrient supplements could
be used to produce even relatively modest reductions in
cancer incidence over the coming decades (Ames &
Wakimoto, 2002). However, the range of foods included
under the general heading of fruits and vegetables is very
broad, the compositional data is still rather poor and there
are many well-known difficulties associated with the
accurate measurement of food intake. Adding to this
complexity is the fact that fruits and vegetables contain
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a huge range of other biologically-active constituents,
which have been shown to exert anti-carcinogenic effects
in vitro and in animal models (Johnson et al. 1994). It is
hazardous, therefore, to attempt to deduce the preventative
role of any particular class of food components from
epidemiological data alone. The purpose of the present
article is to consider critically the hypothesis that the
correction of suboptimal micronutrient status might play
a major protective role against cancer in Western popu-
lations. Much of the evidence for the protective effects
of both fruits and vegetables and micronutrients relates
to lung cancer, the most common cause of cancer world-
wide, and to various cancers of the alimentary tract, which
account for approximately one-quarter of fatal human
neoplasms. These cancers therefore form the main subject
matter for the present review. First, however, the general
mechanisms of carcinogenesis will be briefly considered,
together with some of the mechanisms through which
micronutrients may influence them.

Mechanisms of tumorigenesis

The classic model of carcinogenesis involves three clearly-
defined stages: initiation; promotion; progression (Pitot &
Dragan, 1994). Initiation is the stage at which cells in the
target tissue acquire somatic mutations that are inherited
through subsequent cycles of mitosis, giving rise to progeny
that possess abnormalities of gene expression affecting pro-
liferation, differentiation and cell survival (Bodmer, 1994).
Promotion is characterised by further deregulation of
proliferation and differentiation. In experimental carcino-
genesis this stage may be brought about by further expo-
sure to carcinogens, causing additional genetic damage in
target cells already carrying oncogenic mutations, or by
non-mutagenic promoters that enhance the proliferation and
survival of initiated cells (Bodmer & Tomlinson, 1996).
Malignancy occurs when individual cells gain the ability to
invade surrounding tissues, or translocate to other organs
via the blood or lymph systems.

Damage to the genome, whether caused by exogenous
carcinogens, by reactive oxygen species or by failure of
synthesis or repair, is fundamental to the origins of cancer.
These damaging agents are counterbalanced to some extent
by food-borne anti-carcinogens, including both nutrients
andbiologically-activephytochemicals.However, individual
susceptibility also depends on a host of metabolic factors,
as well as genetic polymorphisms that are only just
beginning to be understood (Johnson et al. 1994). The
likelihood that oxidative damage to DNA and other
intracellular macromolecules is a driver for both the
initiation and promotion of cancer leads naturally to the
hypothesis that a high intake of antioxidant nutrients is
associated with a reduced risk of disease, and that evidence
of this association should be detectable in epidemiological
studies (Ames & Wakimoto, 2002).

Antioxidant defences

Oxidative damage to DNA is caused by free radicals such
as the hydroxyl radical (.OH), released from H2O2 in the

presence of Fe, NO., and peroxynitrite (ONOO-). These
highly-reactive species are generated by a variety of
mechanisms, including radiolysis of water as a result of
ionising radiation (Teebor et al. 1988), by inflammatory
processes (Hussain et al. 2003) or as a side-product of
ordinary oxidative metabolism. Guanine is the most-
readily oxidised of the nucleotide bases, and the product
8-oxo-7,8-dihydro-2k-deoxyguanosine is widely used as a
biomarker of DNA damage (Poulsen et al. 1999). Cells
have evolved an arsenal of antioxidant mechanisms to de-
fend macromolecules from free-radical-mediated damage.
Nevertheless, the steady-state level of oxidative DNA ad-
duct formation in old but otherwise normal laboratory rats
has been estimated to be about 66 000 adducts per cell
(Helbock et al. 1998), leading to persistent lesions, muta-
tions resulting from faulty DNA repair and strand breaks
(Bjelland & Seeberg, 2003). Free-radical reactions can also
cause oxidative damage to proteins, such as p53, that are
involved in the regulation of cellular proliferation and
apoptosis, and can thereby contribute directly to tumour
promotion (Hofseth et al. 2003).

Fruits, vegetables and cereals are the main sources of
the antioxidant nutrients ascorbic acid and a-tocopherol and
of the carotenoids, including b-carotene, which is also a
source of vitamin A. Dietary intake of carotenoids and
levels of carotenoids in the blood have both been shown to
be inversely related to the risk of cancers of the oropharyn-
geal tissues and lung in a number of case–control studies
(International Agency for Research on Cancer, 1998), and
this finding has contributed substantially to the development
of the antioxidant hypothesis. However, attempts to
reproduce the protective effects of fruits and vegetables
using carotenoid supplements have largely failed. A major
review conducted by the International Agency for Re-
search on Cancer (1998) has concluded that the evidence
for a protective effect of b-carotene and other carotenoids
against cancer is inadequate. The hypothesis that ascorbic
acid from dietary sources protects against death from
chronic diseases, including cancer, is strongly supported by
the recent study of Khaw et al. (2001), based on the East
Anglian cohort of the European Prospective Investigation
into Cancer and Nutrition. In this prospective population
study a reduced risk of mortality from cancer has been
shown to be associated with ascorbate in both men and
women, although the relationship is significant (P=0.011)
for men, but not for women (P=0.81).

Antioxidant nutrients and cancers of

the gastrointestinal tract

Case–control studies provide some evidence for a protective
effect of antioxidant vitamins against colo-rectal neopla-
sias. In a series of case–control studies conducted in
northern Italy, La Vecchia et al. (1988) have observed a pro-
tective effect of fruit and vegetable consumption against
colo-rectal cancer, and estimated, on the basis of multi-
variate odds ratios adjusted for total energy intake, that the
combined effect of a low intake of b-carotene and ascorbic
acid accounts for 43% of all colo-rectal cancer cases in
their target population. West et al. (1989) have also ob-
served a protective effect of b-carotene of approximately
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this magnitude in a case–control study conducted in Utah,
USA. More recently, a small case–control study described
by Breuer-Katschinski et al. (2001a) has also shown a
protective effect of b-carotene intake, but not other anti-
oxidant vitamins, against colo-rectal polyps. Moreover, an
analysis of serum levels of antioxidants has shown an
inverse relationship between vitamin A levels and risk of
adenomas (Breuer-Katschinski et al. 2001b). In a recently
published study Satia-Abouta et al. (2003) have explored
the influence of micronutrient intakes on risk of colo-rectal
cancer in a relatively large group of both white and black
Americans. In both groups high intakes of vitamin C and
b-carotene were found to be protective, with vitamin E
being protective only in the African Americans.

The generally slow development of colo-rectal cancer
via the adenoma–carcinoma sequence, and the fact that
patients who have undergone polypectomy are routinely
screened for recurrence, provides a convenient means of
assessing the efficacy of dietary or pharmacological inter-
ventions designed to inhibit the development of adenomas.
McKeown-Eyssen et al. (1988) have used this method to
assess the effect of supplementation with ascorbic acid
(400 mg/d) and a-tocopherol (400 mg/d) in 200 patients
previously shown to be free of polyps following endo-
scopic polypectomy. After 2 years of supplementation 137
subjects had completed the study. Recurrence of polyps
was observed in 41.4% of seventy subjects on vitamin
supplements and in 50.7% of sixty-seven subjects on
placebos. After adjustment for various demographic and
dietary factors, the relative risk of polyp occurrence was
reported to be 0.86 (95% CI 0.51, 1.43). The authors con-
cluded that any effect of the intervention with antioxidants
was too small to have been measured under the conditions
of their trial.

Greenberg et al. (1994) randomly assigned 864 patients
to four treatment groups to receive respectively: a placebo;
b carotene (25 mg daily); vitamin C (1 g daily) and vitamin
E (400 mg daily); a combined dose of both b-carotene
and vitamins C and E. Complete colonoscopic examina-
tions were performed 1 and 4 years after the patients
entered the study. A total of 751 patients completed the
study but there was no evidence that b-carotene or
vitamins C and E reduce the incidence of adenomas.
More recently, Hofstad et al. (1998) have carried out an
intervention study in 116 polyp-bearing patients who
received placebo or a mixture of b-carotene (15 mg),
vitamin C (150 mg), vitamin E (75 mg), Se (101mg) and
CaCO3 (1.6 g) daily for a period of 3 years, with annual
colonoscopy. All polyps of <10 mm at enrolment or
follow-up were left unresected until the end of the study,
so that both recurrence and growth could be quantified. No
differences in the growth of adenomas were observed
between the intervention group and the placebo group
either from year to year or for the total study period, but
there was a reduced recurrence of polyps in the interven-
tion group compared with the controls. However, this
effect could well have been associated with the Ca, which
has been shown convincingly to inhibit adenoma recur-
rence in other trials (Baron et al. 1999).

The failure of intervention with antioxidants during what
is, inevitably, a narrow window in disease development

cannot entirely rule out the possibility that prolonged
exposure to antioxidants before the appearance of pre-
cancerous lesions may be protective. However, according
to Connelly et al. (2003) patients with adenoma who have
high levels of ascorbic acid in their plasma are much less
likely to have high levels of crypt cell apoptosis. This
mechanism is important for the deletion of precancerous
cells (Johnson, 2001); antioxidant supplements may there-
fore actually inhibit the ability of the colonic mucosa to
resist the development of pre-neoplastic lesions in patients
already at risk of adenomas.

Gastric cancer is strongly associated with inflammatory
effects resulting from infection with the bacterium
Helicobacter pylori, and a chronic inflammatory response
to reflux oesophagitis is the major risk factor for
oesophageal adenocarcinoma (Ambs et al. 1999). Case–
control studies have suggested a protective effect of plant
food intake against tumours of the upper gastrointestinal
tract (Kono & Hirohata, 1996; Mayne et al. 2001), but it is
difficult to attribute the protective effects specifically to
ascorbic acid or other antioxidants. One study (Serafini
et al. 2002) has explored the importance of antioxidant
effects directly, using food intake data derived from a
food-frequency questionnaire to calculate the total anti-
oxidant potential of the foods consumed. A strong signifi-
cant protective effect of total antioxidant potential against
gastric cancers of both the cardia and more distal sites was
found (odds ratio 0.65 (95% CI 0.48, 0.89) for the highest
quartile of antioxidant activity). However, this approach
makes it impossible to distinguish the antioxidant effects
of nutrients from those of non-nutrient secondary plant
metabolites such as flavonoids, which may themselves exert
protection against cancer of the stomach and oesophagus
via other, non-antioxidant, effects (Sun et al. 2002).

Lung cancer

The primary risk factor for lung cancer is chronic exposure
to tobacco smoke (Hecht, 1999), but both genetic and
environmental factors modulate the risk to any particular
individual. The World Cancer Research Fund (1997) report
concluded that there is ‘convincing’ evidence of a protect-
ive effect of fruits and vegetables, a ‘probable’ protective
effect of carotenoids and ‘possible’ protection from vitamin
C, vitamin E and Se. There is considerable interest in the
possibility of using diet or chemo-prevention to reduce the
risk of lung cancer in smokers (van Zandwijk & Hirsch,
2003).

The Alpha-Tocopherol, Beta Carotene Cancer Prevention
Study was designed to test the hypothesis that prolonged
exposure to supplements of a-tocopherol (50 mg/d), b-
carotene (20 mg/d) or a combination of the two would
reduce the incidence of lung cancer in smokers (Alpha-
Tocopherol, Beta Carotene Cancer Prevention Study
Group, 1994). In this study >29 000 male Finnish smokers
were randomly assigned to four groups receiving one of
the three supplements or a placebo, and were followed up
for 5–8 years. In the cohort 876 new cases of lung cancer
were reported; with no protective effect of any treatment
and a significant increase in the incidence of lung cancer
amongst the participants receiving b-carotene (P=0.01).
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Somewhat similar findings were reported later from the
Beta Carotene and Retinol Efficacy Trial (Omenn et al.
1996). It is now generally accepted that whereas a-
tocopherol exerts no protective effect against lung cancer
in smokers, b-carotene appears to promote the disease
process to a marked extent.

Mechanistic studies

The mutation frequency of the hypoxanthine–guanine
phosphoribosyltransferase gene in T lymphocytes is used
as a biomarker of somatic mutation in human subjects
exposed to genotoxins. Nyberg et al. (2003) have used
this biomarker to search for evidence of protective effects
of fruits and vegetables against somatic mutations in
312 volunteers, of whom 158 were patients with lung
cancer and 154 were healthy controls. Dietary intakes of
various categories of vegetables and fruits, carotenoids,
vitamin A and ascorbic acid were calculated using food
composition tables and a food-frequency questionnaire.
Protective effects against risk of mutation were observed
in subjects with relatively high intakes of vegetables, citrus
fruits, berries and ascorbic acid. However, the effect of
b-carotene was found to be more complex, in that a
‘U’-shaped relationship between exposure and mutation
frequency was observed, implying that both high and low
intakes may increase the risk of mutation. This finding is
consistent with the adverse effects of b-carotene supple-
mentation on the risk of lung cancer reported in the Alpha-
Tocopherol, Beta Carotene Cancer Prevention Study
(Alpha-Tocopherol, Beta Carotene Cancer Prevention
Study Group, 1994) and the Beta Carotene and Retinol
Efficacy Trial (Omenn et al. 1996).

Many trials have been undertaken over the last few
years to test the antioxidant hypothesis directly by measur-
ing the effects of vitamin supplements against biomarkers
of oxidative damage. Urinary excretion of 8-oxo-7,8-
dihydro-2k-deoxyguanosine is often used to provide a quan-
titative estimate of the formation of DNA adducts (Loft &
Poulsen, 1999) and the comet assay can provide direct
evidence of DNA strand-breaks (Collins, 2002). However,
in a review of intervention studies designed to quantify the
effects of antioxidant supplements on oxidative damage to
human leucocytes Møller & Loft (2002) described a
variety of technical limitations and inconclusive results,
and concluded that the case for the long-term efficacy of
antioxidants as a means of preventing DNA damage
remains unproven (Møller & Loft, 2002).

Møller et al. (2003) have recently attempted to test
the putative role of antioxidant micronutrients directly by
means of a placebo-controlled intervention study with forty-
three human volunteers. The subjects were randomised
into three groups and received an antioxidant-free basal
diet plus 600 g fruits and vegetables, a supplement contain-
ing the corresponding amounts of vitamins and minerals
or the placebo for 24 d. Blood and urine samples were
collected before, during and after the intervention, and the
comet assay, excretion of 8-oxo-7,8-dihydro-2k-deoxy-
guanosine and markers of DNA repair activity were used
to assess oxidative damage in leucocytes. At the end of the
intervention period no clear evidence was found that either

the fruits and vegetables or the vitamins and minerals had
markedly reduced the level of oxidative DNA damage in
mononuclear-cell DNA or levels of markers in the urine.
Similarly, Jacob et al. (2003) assessed lipid and protein
oxidation in thirty-nine healthy male non-smokers and
thirty-eight smokers whose typical diet provided only 2.6
servings of fruits and vegetables daily. The volunteers
received a daily supplement (272 mg vitamin C, 31 mg
a-tocopherol and 400mg folic acid) or a placebo for 90 d
with their usual diet. Lipid peroxidation products, includ-
ing F(2)-total and 8-isoprostanes, and protein carbonyls
were determined in urine before and after supplementation.
Supplementation increased plasma ascorbate and toco-
pherol levels, but had no effect on the levels of oxidant
biomarkers. These findings may reflect a lack of sensitivity
in the biomarkers currently available, but the hypothesis
that supplementation with antioxidant nutrients provides
protection against potentially-carcinogenic oxidative
damage to DNA in healthy human subjects remains
essentially unproven.

Selenium

The element Se is required for the synthesis of approxi-
mately twelve mammalian selenoproteins, in which it
occurs as selenocysteine. Se deficiency in animals is
associated with signs of oxidative damage, and in man a
specific cardiomyopathy (Keshan disease) has been shown
to be associated with a low intake of dietary Se (<12 mg/d;
Tan et al. 2002). Epidemiological evidence for protective
effects of Se against a range of human cancers has
attracted interest and speculation for over three decades.
Of approximately 100 animal studies of Se using model
carcinogens, approximately 60% have provided evidence
for anti-carcinogenic effects (Whanger, 2004). The seleno-
protein glutathione peroxidase is a cytosolic antioxidant
enzyme that catalyses the reduction of organic peroxides
by reduced glutathione. This process is an essential
component of the mammalian antioxidant defence system,
and glutathione peroxidase is expressed in tissues through-
out the body. Rosa et al. (1998) have studied the effects of
the synthetic anti-carcinogenic organoselenium compound
1,4-phenylenebis(methylene)selenocyanate (el-Bayoumy
et al. 1995) on the formation of DNA adducts in rodent
lung tissue after administration of the tobacco-smoke car-
cinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone.
This compound forms mutagenic covalent DNA adducts,
but also causes oxidative damage to DNA, resulting in the
formation of 8-hydroxy-2k-deoxyguanosine, which can be
measured directly in lung tissue. Dietary supplementation
with 1,4-phenylenebis(methylene)selenocyanate (15 mg/kg)
before and after treatment with 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone prevents the increased levels of
8-hydroxy-2k-deoxyguanosine that occur in control rats.

Se metabolites exert a variety of biological effects other
than the modulation of antioxidant defences. Organic
Se compounds inhibit the formation of covalent DNA
adducts. For example, 1,4-phenylenebis(methylene)seleno-
cyanate inhibits the formation of DNA adducts in
mammary tissue of rodents treated with the carcinogen
7,12-dimethylbenz(a)anthracene (el-Bayoumy et al. 1992).
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Inorganic Se compounds can themselves cause DNA
strand breaks at high concentrations, but low-molecular-
weight organic Se compounds have been shown to induce
apoptosis in tumour cells in vitro (Lu et al. 1995). Thus,
Se joins a growing list of food components that enhance
apoptosis of cells carrying genomic damage, and may
thereby enhance deletion of cells that would otherwise go
on to develop into malignant tumours (Johnson, 2001). Se
also suppresses tumour cell proliferation via mechanisms
related to inhibition of regulatory enzymes, including
protein kinase C; also, Se may enhance DNA repair and
may suppress aberrant methylation of DNA by inhibiting
the activity of DNA methyltransferases (Fiala et al. 1998).

Interest in the putative relationship between Se and
cancer began with population studies showing inverse
relationships between estimated dietary exposure to Se and
mortality from cancers of the colon, rectum, prostate,
breast, ovary and lung, and with leukaemia (Schrauzer
et al. 1977). Willett et al. (1983) have measured Se levels
in serum from subjects in whom cancer developed during
the subsequent 5 years and compared these with matched
controls who remained healthy. The mean Se level for the
cancer cases was found to be about 5% lower than that for
the controls, but the risk of cancer for subjects in the
lowest quintile of serum Se was twice that for subjects
in the highest quintile. The association between low serum
Se level and cancer was found to be strongest for
gastrointestinal and prostate cancers. Many, although not
all, subsequent studies have provided additional support
for the hypothesis that low Se status increases the risk of
many cancers (Whanger, 2004).

Selenium and cancers of the alimentary tract

Patients with colo-rectal neoplasia have lower basal levels
of both serum Se and plasma glutathione peroxidase than
controls (Rumi et al. 1992; Russo et al. 1997), and both
variables are normalised by intervention with Se (Al-Taie
et al. 2003). Animal studies support the hypothesis that
risk of colo-rectal cancer is linked with low Se status
(Jacobs, 1983), and recent work (Finley et al. 2000)
suggests that Se supplied in the form of selenised broccoli
is a more effective inhibitor of 1,2-dimethylhydrazine-
induced colo-rectal neoplasia than either Se or low-Se
broccoli alone. This finding emphasises the need for
further research on the most effective organic forms of Se
for use in human nutrition and chemo-prevention.

Intervention studies with multivitamin and mineral sup-
plements, including Se, have been carried out in Linxian,
China, where there are low soil levels of Se coupled with
some of the highest rates of squamous cell carcinoma of
the oesophagus in the world (Wei et al. 2004). These trials
have provided evidence of a reduction in mortality from
oesophageal and gastric cancers in the Se-supplemented
groups, although the effects are relatively modest (Li et al.
1993). The strongest current evidence for a protective
effect of Se against colo-rectal cancer is provided by the
data from the Nutritional Prevention of Cancer Trial. This
randomised double-blind placebo-controlled intervention
study was carried out on patients with a history of non-
melanoma skin cancer living in regions of the USA where

the Se levels in the soil are low (Clark et al. 1996).
Patients were randomised to receive either 200mg Se in the
form of a high-Se yeast supplement/d or a yeast placebo.
The primary purpose of the study was to test the hypothesis
that Se supplementation would reduce the reoccurrence
of skin cancer, but overall mortality and incident cases of
lung, prostate and colo-rectal cancers were included as
secondary end points. After a total follow-up of 8271
person-years no significant differences were found in the
incidence of basal cell or squamous cell skin cancer
between groups. However, when compared with the
controls the patients treated with Se were found to have a
significantly lower risk of mortality from all cancers
(relative risk 0.50 (95% CI 0.31, 0.80)), lower total cancer
incidence and lower incidences of lung, colo-rectal and
prostate cancers. As a result of these findings the study was
terminated early, and all patients were made aware of the
results and offered Se supplements.

Lung cancer

Toenail Se has been used as a marker of long-term Se
status in studies on Se as a putative protective factor
against lung cancer. Van den Brandt et al. (1993) have
investigated this relationship in a cohort of 120 852 Dutch
men and women aged 55–69 years. The rate ratio of lung
cancer for subjects in the highest quintile of toenail Se
compared with the lowest quintile was reported to be 0.50
(95% CI 0.30, 0.81), with an inverse trend across quintiles.
As with an earlier study of Willet et al. (1983), evidence
was found of an interaction between Se and other anti-
oxidant vitamins, with the protective effect of Se being
particularly high in subjects with a relatively low dietary
intake of b-carotene or vitamin C. Subsequent studies have
tended to provide mixed and inconclusive results. For
example, a nested case–control study conducted on a large
cohort of subjects in Finland, where dietary levels of Se
are low, provided good evidence of enhanced risk of lung
cancer amongst smokers with low plasma Se levels (Knekt
et al. 1998). However, other prospective studies have
provided only weak non-significant evidence of an inverse
relationship between Se status and risk of lung cancer.

As with colo-rectal cancer, the strongest evidence for a
preventive effect of Se against lung cancer comes from the
results of the Nutritional Prevention of Cancer Trial. In a
subsequent follow-up study (Reid et al. 2002), it was estab-
lished that a further eight lung cancer cases had occurred
in the Se-treated group and a further four cases in the con-
trols. After taking this finding into account, the adjusted
hazard ratio for lung cancer in the Se-treated group was
found to be 0.74, and the difference between groups was
no longer significant (hazard ratio 0.74 (95% CI 0.44,
1.24), P=0.26). However, subgroup analysis shows that
subjects receiving Se supplementation, who were in the
lowest tertile of Se status when randomised to receive Se
at the outset of the trial, were at significantly reduced risk
compared with equivalent controls (hazard ratio 0.42 (95%
CI 0.18, 0.96), P=0.04). Overall, the balance of evidence
appears to be in favour of the hypothesis that low Se status
increases the risk of lung cancer, and the risk may be
increased if intake of antioxidant nutrients is low.
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Prostate cancer

The unexpected results of the Nutritional Prevention of
Cancer Trial (Clark et al. 1996) have generated a great deal
of interest in the possibility that Se supplements can be
used in the chemo-prevention of prostate cancer, for which
prospective studies continue to provide evidence for an in-
verse relationship with Se status. In the Netherlands Cohort
Study (van den Brandt et al. 2003) there was evidence of an
interaction between initial Se status and b-cryptoxanthin
and vitamin C. Large-scale intervention trials are now in
progress and a definitive conclusion as to the role of Se in
the prevention of prostate cancer seems likely to be
achieved within the next decade (Marshall, 2001).

Folates

Folate is essential for the synthesis, maintenance and repair
of DNA. Conversion of dUMP to dTMP requires the
reduction of 5,10-methylenetetrahydrofolate to 5-methyl-
tetrahydrofolate by the enzyme methyltetrahydrofolate
reductase. Any marked reduction in the availability of
5,10-methylenetetrahydrofolate leads to an imbalance in
deoxynucleoside triphosphate pools, and the presence of
excess dUMP can cause misincorporation of uracil into
DNA, faulty DNA repair and excess double-strand breaks
(Wickramasinghe & Fida, 1994). Moreover, changes in the
level of 5-methyltetrahydrofolate within the cell can
compromise the availability of the universal methyl donor
S-adenosylmethionine, and hence interfere with the normal
methylation of cytosine residues in DNA. Cytosine occurs
at its highest density in human genome within cytosine–-
guanine dinucleotide sequences termed CpG islands,
located predominantly in promoters and first exons of
genes. CpG islands are unmethylated in expressed genes;
aberrant methylation can suppress gene expression and
lead to inappropriate silencing of tumour suppressor
(Issa, 2000a,b). An increased supply of folate does not
necessarily lead to CpG island hypermethylation; indeed,
a suboptimal level of folate can lead to a paradoxical
hypermethylation of some target genes, at least in vitro
(Jhaveri et al. 2001). Suboptimal folate levels have been
proposed as a major cause of genetic damage leading to
cancer (Ames, 2001), and convincing epidemiological
evidence has emerged to suggest that chronic folate
deficiency may contribute to both the initiation and
promotion of epithelial neoplasias.

Many fully-methylated CpG islands in the human
genome are associated with transposable elements. These
‘parasitic elements’ constitute £35% of the human DNA
and must be kept transcriptionally silent to maintain
genomic stability. However, some transposable elements
are metastable, resulting in variable expressivity that can
modify the transcription of other genes in their immediate
vicinity (Rakyan et al. 2002). One example is the mouse
agouti gene, which encodes a signal protein that modulates
the production of melanin in hair follicles (Duhl et al.
1994). In the Avy (variable yellow) variant of this gene
a transposable element has become inserted in the 5k
terminal region of the A allele. The sequence contains a
metastable CpG-rich promoter that, when unmethylated,

causes aberrant expression of the agouti gene and results in
a characteristic yellow coat colour. A wide variation in the
extent of methylation occurs, resulting in a variety of
intermediate-coloured phenotypes (Morgan et al. 1999).
Varying the level of folate and methionine in the diets of
a/a dams mated with Avy/a males modifies the coat colour
of their offspring; this situation is a direct result of
variation in the level of methylation of CpG islands in the
Avy transposable element (Waterland & Jirtle, 2003). These
authors speculate that supplementation of human popu-
lations with folic acid, whether for the prevention of neural-
tube defects or chemo-prevention of cancer, may have
unexpected effects on epigenetic gene-regulatory mechan-
isms during human embryonic development.

Colo-rectal cancer

Folate intake has been shown to be inversely related to the
risk of colo-rectal adenomas in both case–control and
prospective studies. The relationship has been assessed in
both the Health Professionals Follow-Up Study and the
Nurses Health Study. The relative risk of adenoma was
found to be 0.66 (95% CI 0.46, 0.95 between high and low
quintiles of intake) for women and 0.63 (95% CI 0.41,
0.98) for men, independently of dietary fibre or vitamins C
and E (Giovannucci et al. 1993). The findings of other
smaller studies have generally been consistent with these
conclusions (Tseng et al. 1996). In some studies the risk of
adenomas has been compared directly with folate status,
and an inverse relationship between blood folate levels and
adenoma risk has been observed (Bird et al. 1995; Paspatis
et al. 1995a,b).

Similar levels of reduced risk with higher folate
consumption have been observed in European populations.
Benito et al. (1991) have conducted a case–control study
in Majorca and they observed a protective effect of high
folate consumption against colo-rectal cancer. Ferraroni
et al. (1994) have observed similar effects of folate intake
in northern Italy, but the protective effects associated with
high intakes of ascorbic acid and b-carotene were larger.

Taken as a whole, the epidemiological evidence from
approximately eleven case–control and cohort studies
strongly suggests that within Westernised populations
there is a reduction in the risk of colon cancer of
approximately 40% in the highest consumers of folate
compared with the lowest consumers (Giovannucci, 2002).
However, the situation is complicated by the involvement
of genetic factors that modify the effects of folate on the
susceptibility to cancer in subgroups of the population. In
about 35% of Caucasians there is a polymorphism at
position 677 of the methylenetetrahydrofolate reductase
gene that involves a cytosine to thymine transition
(C677T), resulting in reduced enzyme activity. Homo-
zygous individuals (TT) comprise about 11% of the
population and have been reported to show abnormal
folate metabolism, elevated levels of homocysteine (Frosst
et al. 1995) and evidence of hypomethylation of genomic
DNA in some tissues (Stern et al. 2000). Three studies
have explored the risk of colo-rectal cancer in subgroups
with the CC, CT and TT genotypes. Individuals with the
CC and CT genotypes derive less protective effect from a
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high-folate diet than those with the TT genotype, but all
three genotypes are at similar risk from diets low in folate
and methionine or high in alcohol (Giovannucci, 2002).

Lung cancer

The possibility of a protective effect of folate against lung
cancer has received relatively little attention. A case–
control study conducted in Hawaii has shown an inverse
relationship between lung cancer and intake of green vege-
tables and b-carotene, but has failed to find any protective
effects of folate (Le Marchand et al. 1989). More recently,
Jatoi et al. (2001) have been unable to find evidence of any
relationship between risk of lung cancer and plasma or
erythrocyte folate levels after making adjustments for poss-
ible confounding effects of treatment. However, Shen et al.
(2003) have recently reported that in former smokers folate
intake is higher amongst controls than amongst lung cancer
cases and that folate intake above the control median value
is associated with a 40% lower risk of lung cancer. Pros-
pective studies on folate intake and the risk of lung cancer
have also produced mixed results. Two large studies have
provided evidence that folate, vitamin C and carotenoids
are inversely related to the risk of lung cancer (Bandera
et al. 1997; Voorrips et al. 2000). However, other studies
have failed to observe any strong associations with diet
and none with folate (Speizer et al. 1999; Hartman et al.
2001; Jatoi et al. 2001).

Concluding remarks

Epidemiological and experimental studies continue to sup-
port the hypothesis that diets rich in plant foods reduce the
risk of cancers of the lung and alimentary tract, although
the benefits to individuals probably depend on their genetic
profile. The hypothesis that the protective effects of fruits
and vegetables are primarily a result of the provision of
antioxidants has not been confirmed. While there is every
reason to pursue public health policies that encourage con-
sumption of micronutrients at levels at least as high as the
RDA, consumption of fruits and vegetables may be more
effective. The overall benefits of plant foods probably
reflect the combined effects of both micronutrients and
secondary plant metabolites (phytochemicals). The possi-
bility of synergistic interactions amongst these different
classes of biologically-active plant constituent requires
further investigation, as does the impact of agronomy and
processing on the overall composition of plant foods.
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