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A strong and persistent effect of plant-derived foods on the prevention of lifestyle diseases
has emerged from observational studies. Several groups of constituents in plants have been
identified as potentially health promoting in animal studies, including cholesterol-lowering
factors, antioxidants, enzyme inducers, apoptosis inducers etc. In human intervention studies
the dose levels achieved tend to be lower than the levels found to be effective in animals and
sampling from target organs is often not possible. A controlled dietary human intervention
study was performed with forty-three volunteers, providing 600 g fruit and vegetables/d or in
the controls a carbohydrate-rich drink to balance energy intake. Surrogate markers of oxidative
damage to DNA, protein and lipids, enzymic defence and lipid metabolism were determined
in blood and urine. It was found that a high intake of fruit and vegetables tends to increase
the stability of lipids towards oxidative damage. Markers of oxidative enzymes indicate
a steady increase in glutathione peroxidase (GPX1) activity in erythrocytes during intervention
with fruit and vegetables but there is no effect on GPXI1 transcription levels in leucocytes.
No change occurs in glutathione-conjugating or -reducing enzyme activities in erythrocytes
or plasma, and there are no effects on the transcription of genes involved in phase 2 enzyme
induction or DNA repair in leucocytes. Fruit and vegetable intake decreases the level of
total cholesterol and LDL-cholesterol, but does not affect sex hormones. In conclusion, it
has been shown that total cholesterol and LDL-cholesterol, markers of peripheral lipid oxi-
dation, and erythrocyte GPX1 activity are affected by high intakes of fruit and vegetables.
This finding provides support for a protective role of dietary fruit and vegetables against CVD.

Fruit and vegetables: Protective effect: Lipoprotein oxidation: Glutathione peroxidase:
LDL-cholesterol

DOI:10.1079/PNS2005480

A high intake of fruit and vegetables has been associated
with a decreased risk of CVD and cancers at many sites,
although the association with cancer is currently weaken-
ing (Bazzano et al. 2002; Johnsen et al. 2003; Riboli &
Norat, 2003; Hung et al. 2004). This evidence derives from
human observational studies, whereas results from experi-
mental chronic rodent feeding studies with single fruits,
vegetables or herbs often result in strong protection
(Dragsted et al. 1993). Neither of these study designs

provides much mechanistic information. Plant foods con-
tain very many bioactive components with a variety of
actions in experimental systems that are potentially related
to chronic disease prevention (Duthie et al. 2003; Hu,
2003; Keck & Finley, 2004). These components include
several types of cell wall material and fibre that interact
with the gut flora and biliary excretion to elicit local
effects that maintain the gut mucosal lining, as well as
systemic effects such as cholesterol lowering, effects on
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insulin sensitivity, lowering of blood pressure etc. (Hu,
2003; Young et al. 2005). Many low-molecular-weight
components in plant foods have the ability to interact
with receptors or response elements, which can change
gene expression (Finley, 2003). Some responses may be
classified as chemical defence, e.g. the decrease in radical-
mediated damage, the induction of phase 1 and 2 enzymes
and the induction of antioxidant enzymes involved in
glutathione synthesis and glutathione-based redox reac-
tions. Such actions have been documented for compounds
found in Allium and Brassica species (Keck & Finley,
2004). Other actions may be classified as repair, e.g. DNA-
repair, or as hormonal actions such as the effects elicited
by many compounds in soyabean (Lechner et al. 2005).

Official recommendations for fruit and vegetable intake
in many countries of the world urge an intake of four or
more servings daily. In Denmark the slogan is ‘six-a-day’
and the campaign has been particularly successful in
achieving >50% increases in mean fruit and
vegetable intakes since it was launched. In order to inves-
tigate the potential mechanisms associated with the bene-
fits of fruit and vegetable intakes a fully dietary-controlled
human intervention study has been performed that com-
pared intakes at the Danish recommended level with a
fruit-and-vegetable-free diet (Dragsted et al. 2004). Two
control groups were used, one of which was only com-
pensated for energy (carbohydrates) whereas the other was
also compensated for most vitamins and minerals using a
specially-prepared pill. A range of markers related to pos-
sible short-term effects of fruit and vegetables were
investigated, including effects on serum cholesterol and
lipids, effects on sex hormones, the activity and expression
of defence enzymes as well as antioxidant effects.

Materials and methods
Study design

Study design, recruitment of subjects, diet compositions,
food analyses, blood sampling and markers of antioxidant
damage, enzyme activity, RNA isolation, cDNA synthesis,
DNA damage and repair have been described previously
(Vogel et al. 2002; Moller et al. 2003; Dragsted et al.
2004). Briefly, a 24d controlled dietary human interven-
tion study in a parallel design was conducted with forty-
three free-living healthy normal-weight male and female
volunteers aged 19-45 years (see Fig. 1). The subjects
were randomised to three groups that all received the basic
diet free from fruits and vegetables for 24 d. For the first
group the basic diet was supplemented with 600 g fruits
and vegetables, for the second group the basic diet was
supplemented with a daily energy supplement in the form
of a drink (1189kJ/d as mixed sugars and citrate) and a
placebo pill containing no vitamins or minerals, while for
the third group the energy drink was provided together
with a mineral and vitamin supplement containing (mg) a
daily dose of: Ca 180, Cu 0-4, Fe 3, Mg 65, Mn 1-1, P 150,
K 640, Zn 1-4, a-tocopherol 3-3, ascorbate 150, B-carotene
5, thiamine 0-3, riboflavin 0-4, vitamin Bg 0-6, niacin 3,
pantothenic acid 1-7, biotin 1-7 ng, folate 125 ug, phyllo-
quinone 250ug. Fasting blood samples and urine
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Fig. 1. Design of intervention study and sampling protocol. Fruveg,
600 g fruit and vegetables/d; placebo, placebo pill and no fruit and
vegetables; suppl, vitamin and mineral pill (for details, see this
page) and no fruit and vegetables; H, habitual-diet blood samples; x,
intermediate blood samples; X, final blood samples in the interven-
tion period; u, a 24h urine sample was collected. For details of
subjects and procedures, see this page.

samples were collected before, during and after the inter-
vention. The participants were all fully informed in writing
about the study aim before they gave their consent to
participate. The protocol was approved by the Ethics
Committees of the municipalities of Copenhagen and
Frederiksberg. Blood samples were collected at several
time points, including two in the run-in period (days —3
and 0), three intermediate samples (days 2, 9 and 16), two
samples at the end of intervention (days 24 and 25) and
two samples post intervention (days 32 and 53). Urine
samples were also collected at some of these time points
(see Fig. 1). Biomarkers were analysed using minimum
amounts of blood or urine sampled in the run-in period and
at the end of intervention.

Lipids and hormones

Plasma total cholesterol and triacylglycerols and lipopro-
tein-cholesterol and triacylglycerol concentrations were
measured before treatment and then monthly until the ter-
mination of the study using an automatic analyser (Hitachi
912; Roche Diagnostics, Mannheim, Germany), with a CV
of <3%. Lipoproteins were separated by single-density-
gradient ultracentrifugation for 18 h at 21°C (Terpstra et al.
1981).

Hormones were measured by time-resolved fluorescence
using commercially-available fluorescence immunoassay
kits (PerkinElmer Life Sciences, Turku, Finland).

Primer and probe design
Oligonucleotide primers and TagMan®™ probes were
designed with Primer Express software v 1.5 (Applied
Biosystems, Nerum, Denmark), based on sequences from
the Genbank database (Table 1). Genomic DNA amplifi-
cation was excluded whenever possible by designing the

probes to cover a splice junction.

mRNA quantification

Real-time PCR was performed on an ABI PRISM®
7900HT Sequence Detection System (Applied Biosys-
tems). The PCR reaction was determined in a final volume
of 20ul, adding 2ng ¢cDNA, using TagMan® Universal
PCR Master Mix (Applied Biosystems). For each target
gene (y-glutamyl cysteinyl synthetase heavy chain, aryl
hydrocarbon receptor repressor, glutathione peroxidase
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Table 1. Origin and design of primers and probes for expression analyses

Gene Genbank Primer or probe Sequence 5'-3'
GPX1 AY327818 Sense CCCGTGCAACCAGTTTGG
Antisense TGAGGGAATTCAGAATCTCTTCGT
TagMan® probe 6-FAM-CATCAGGAGAACGCC-MGB
GCLC NMO0001498 Sense CGGCACAAGGACGTTCTCA
M90656 Antisense ACCGGACTTTTTTATTTTCATGATCA
TagMan® probe 6-FAM-CGATGAGGTGGAATAC-MGB
Fra-1 BC016648 Sense GCCGCCCTGTACCTTGTATC
NM005438 Antisense CAGTGCCTCAGGTTCAAGCA
TagMan® probe 6-FAM-CTTTCCCCAGGGCCT-MGB
AhRR NMO020731 Sense GAATCGGAACTGCATGGAAAA

Antisense
TagMan® probe

CCAAAACGCCGCTCTCTCT
6-FAM-CAATTACTCAGCAGGAAGG-MGB

GPX1, glutathione peroxidase 1; GCLC, y-glutamylcysteine synthetase catalytic subunit; Fra-1, FOS-like antigen 1; AhRR, aryl-hydrocarbon receptor repressor;

6-FAM, 6-carboxyfluorescein; MGB, minor groove binding.

(GPX) and Fra-1, the repressor of electrophile response
element (EpRE) activation) the probe concentration was
0-3um and the primer concentrations were 0-3 um for the
detection of the 7y-glutamyl cysteinyl synthetase heavy
chain and aryl hydrocarbon receptor repressor genes,
0-5um for GPX and 0-9um for Fra-1. 18S rRNA was
selected as the endogenous control (Applied Biosystems)
to correct for potential variation in RNA loading and the
efficiency of the amplification reaction, and used as
recommended by the manufacturer. The PCR amplification
was performed in ninety-six-well plates in triplicate using
the following cycling protocol: 50°C for 2 min, 95°C for
10 min and 45 cycles at 95°C for 15s and 60°C for 1 min.
To confirm equal amplification efficiencies the criterion
used was a regression slope of <0-1 for each target gene
normalised to 18S rRNA, which confirmed that the com-
parative threshold cycle (Ct) method for the relative
quantification of target could be used without running
standard curves on the same plate (data not shown).
Briefly, the Ct is defined as the point at which the first
significant increase in fluorescence is observed. The ACt
value for each sample is the difference between Ct for the
target gene and Ct for the endogenous control gene 18S
rRNA. Results are expressed as the fold difference in gene
expression after intervention relative to the gene expres-
sion observed before intervention (AACt), calculated using
the formula: fold change =2~ 2", To further verify the
specificity of PCR assays the PCR was performed with
non-reverse-transcribed total RNA and samples lacking
the DNA template. No significant amplifications were
obtained in any of these samples (data not shown). Day-
to-day variation in ACt of the control was <3 % for all
genes.

Statistics

Data were analysed for homogeneity of variance using the
Levenes test and for normal distribution using the Shapiro-
Wilks W test, both with P<0-05. Logarithmic transforma-
tion was used for data that did not meet these criteria.
Paired ¢ tests were used to analyse changes between the
run-in period (mean of days —3 and 0) and the end (mean
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of days 24 and 25) of the intervention. Changes over the
course of the intervention and post-intervention were ana-
lysed using repeated-samples analysis of covariance with
diet, gender and trial day as class variables and the run-in
period values as covariates. Tukey’s ¢ test was used to
assess differences on specific days if analysis of covariance
yielded a significant result. Data that did not meet the cri-
teria for ANOVA or ¢ test analyses after transformation
were tested by non-parametric Wilcoxon rank scores and
Wilcoxon two-sample tests.

Results

The three intervention groups did not differ in relation to
mean age (263 (sp 6-7) years), BMI (231 (sp 2-2) kg/mz),
pre-intervention fruit intakes (290 (sp170)g/d), energy
intakes (9660 (sp 3300)kJ/d) or intakes of nutrients
and micronutrients, as previously reported (Dragsted et al.
2004). Serum o- and P-carotene as well as plasma
ascorbate were used to objectively assess compliance, and
there were no indications of deviation from the provided
diet (Dragsted et al. 2004).

Intervention with fruit and vegetables significantly
(P<0-01) decreased total cholesterol and LDL-cholesterol
after 24d of intervention (Fig. 2). The decrease in total
cholesterol was 10-8 % and the change in LDL-cholesterol
was 11:5% compared with baseline values. HDL-choles-
terol also decreased (9:5%), but the change was not sig-
nificant. HDL-cholesterol: LDL-cholesterol did not change
significantly (data not shown). The sex steroid hormones
oestradiol and testosterone were apparently unaffected by
the dietary changes and so were other sex hormones,
including sex hormone-binding globulin, prolactin and
luteinising hormone (Fig. 3).

It has previously been reported (Dragsted et al. 2004)
that intervention does not affect erythrocyte enzyme
activities of the antioxidant enzymes catalase and super-
oxide dismutase, whereas there is a time-dependent
increase in the activity of GPX1. As seen in Fig. 4 the
expression of the antioxidant selenoprotein gene GPX! in
leucocytes was not significantly affected by the dietary
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Fig. 2. Change (mw) in total cholesterol (A), LDL-cholesterol (B)
and HDL-cholesterol (C) between the run-in period and the end of
the intervention for the three dietary intervention groups: fruveg,
6004 fruit and vegetables/d; placebo, placebo pill and no fruit and
vegetables; suppl, vitamin and mineral pill (for details, see p. 62)
and no fruit and vegetables. For details of subjects and procedures,
see p. 62 and Fig. 1. Values are means with their standard errors
represented by vertical bars. Mean values were significantly differ-
ent from those for the two control groups: **P<0-01.

changes, although an apparent time-dependent increase of
<1-5-fold was recorded for the group consuming fruit and
vegetables compared with a minor change for the two other
groups, matching the changes observed in erythrocyte GPX
activity. This apparent increase in expression was depen-
dent on only two participants with large changes in GPX/
expression during intervention. Erythrocyte glutathione-S-
transferase and glutathione reductase activities were unal-
tered at all time points following intervention (Fig. 5).
They may be induced through transactivation of EpRE
sequences in their promoter regions or possibly also
through the aryl hydrocarbon receptor pathway. Expression
of the gene for the feedback repressor protein aryl hydro-
carbon receptor repressor is controlled by the aryl hydro-
carbon receptor as well as by expression of the EpRE
feedback repressor gene Fra-I and the EpRE-inducible
gene Y-glutamyl cysteinyl synthetase heavy chain, which
were not significantly increased by any of the diets
(Fig. 6), although the placebo intervention tended to
increase both repressor genes.
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Discussion

A high dietary intake of fruit and vegetables is associated
with a decreased risk of CVD and cancer (Bazzano et al.
2003; Key et al. 2004). Recent prospective studies support
the association with vascular diseases but are less con-
sistent for several cancers (Hung et al. 2004; Vastag,
2005). It is hypothesised that fruit and vegetables may
protect the organism against chronic disease by eliciting
short-term protective effects in periods after fruit and
vegetable intake, so that frequent intake may be necessary
in order to have continued protection. The short-term pro-
tective effects may be antioxidant or redox effects, alter-
ations in sterol metabolism, xenobiotic-metabolizing
enzyme induction etc.; for example, the effects of redox-
active compounds would only last as long as the anti-
oxidant or pro-oxidant reaches sufficient levels in blood
and tissues. Some antioxidants, such as the catechins, are
known to reach sufficient levels in plasma to change some
markers of antioxidant capacity (Young et al. 2002).
Catechins have short half-lives, in the range of 1h,
whereas others such as the flavonol, quercetin and the
anthocyanins have longer half-lives but are only poorly
absorbed (Young et al. 1999; Nielsen et al. 2003). Markers
of antioxidant capacity may serve to integrate the impact
of many water-soluble plant food constituents with redox
activities under physiological conditions. It has previously
been reported (Dragsted et al. 2004) that markers of anti-
oxidant capacity are not affected by the dietary interven-
tions used in the present study. It has also been shown
(Dragsted et al. 2005) that postprandial plasma samples
have no increased antioxidant capacity. However, these
markers are generally not as sensitive to antioxidants pre-
sent in the lipid phase. LDL absorbs some lipophilic anti-
oxidants, and the stability of this lipoprotein against ex
vivo oxidation has been extensively used as a marker and
has most often been associated with increased intakes of
fruits and vegetables (Hininger et al. 1997; Bub et al.
2000; Chopra et al. 2000). Data on compliance markers
from the present study have been published previously
(Dragsted et al. 2004), and they indicate that participants
adhered to the intervention diets. The compliance markers
selected were water-soluble ascorbate and lipophilic B-
carotene and lycopene, which are all redox active and
could affect antioxidative resistance or oxidative damage
in the body. Data on biomarkers of resistance or damage to
protein, lipid and DNA have also been published (Vogel
et al. 2002; Moller et al. 2003; Dragsted et al. 2004).
These results indicate that dietary fruit and vegetables have
an effect on the ex vivo resistance of LDL to oxidation,
with a clear trend of increasing resistance through the
intervention period. This finding might suggest that the
more-lipophilic antioxidants are more important. There are
no differences between treatment groups for 24 h urinary
excretion of isoprostanes. Protein oxidation, as determined
by total carbonyl formation, is also unaltered, whereas
there is a decrease in oxidation at lysine residues of plasma
proteins for the placebo intervention group, given neither
fruit and vegetables nor vitamins and minerals (Dragsted
et al. 2004). The time-course follows that of plasma
ascorbate, in accordance with several previous results
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Fig. 3. Change in the plasma levels of sex hormones (A, testosterone; B, oestradiol; C, sex hormone-binding globulin; D, luteinising hormone;
E, prolactin) between the run-in period and the end of the intervention for the three dietary intervention groups: fruveg, 600g fruit and
vegetables/d; placebo, placebo pill and no fruit and vegetables; suppl, vitamin and mineral pill (for details, see p. 62) and no fruit and
vegetables. For details of subjects and procedures, see p. 62 and Fig. 1. ((J), Males; (Hl), females; (@), both genders. Values are means with
their standard errors represented by vertical bars. There were no significant differences between the groups.
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Fig. 4. Time-course of expression of glutathione peroxidase
(GPX1) in leucocytes for the three dietary intervention groups: fru-
veg, 6009 fruit and vegetables/d (#); placebo, placebo pill and no
fruit and vegetables (m); suppl, vitamin and mineral pill (for details,
see p. 62) and no fruit and vegetables (A). Values are means with
their standard errors represented by vertical bars. v, The start and
end of dietary interventions. For details of subjects and procedures,
see p. 62 and Fig. 1. There were no significant differences between
the groups (non-parametric test).

using this marker (Young er al. 2000, 2002). Thus, it
appears that plasma redox actions caused by these dietary
factors vary between compartments and may also depend
on a certain oxidative challenge in order to be observable,
at least in the lipid compartment. Whole-body oxidative
damage to DNA and to free deoxyguanosine may be
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determined as changes in the steady-state urinary excretion
of 8-oxo-deoxyguanosine, or specific damage to leucocyte
DNA may be determined as strand breaks by the comet
assay. It has been shown that neither of these markers is
affected by the intervention diets used in the present study
(Moller et al. 2003). GPX1 activity in erythrocytes is
affected in a time- and diet-dependent manner, thus indi-
cating that fruit and vegetables may increase the defence
against peroxidation in this compartment (Dragsted et al.
2004). In the present study there is a similar trend in GPX/
expression in leucocytes, but there are no significant dif-
ferences in expression between the three diets by non-
parametric tests. There are no changes in leucocyte
expression of the genes 7y-glutamyl cysteinyl synthetase
heavy chain and Fra-1, which can be transactivated by the
EpRE, or aryl hydrocarbon receptor repressor, which is
regulated by the xenobiotic-response element. This finding
is in accordance with the lack of change in erythrocyte
glutathione-S-transferase  activity reported previously
(Dragsted et al. 2004).

The present study shows a significant (P<0-01) decrease
in total cholesterol and LDL-cholesterol of about 10 %, but
also a non-significant decrease in HDL-cholesterol. A
similar finding for total cholesterol and LDL-cholesterol
has been reported (Singhal et al. 2001) in a 30d
randomised controlled trial among 175 patients with CHD
after intervention with 400 g fruit and vegetables daily. In
contrast to the findings of the present trial HDL-cholesterol
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Fig. 5. Time-course in the activities of erythrocyte glutathione-
S-transferase (A) and glutathione reductase (B) in the three dietary
intervention groups: fruveg, 600g fruit and vegetables/d (®);
placebo, placebo pill and no fruit and vegetables (m); suppl, vitamin
and mineral pill (for details, see p. 62) and no fruit and
vegetables (A).Values are means with their standard errors repre-
sented by vertical bars. ¥, The start and end of dietary interventions.
For details of subjects and procedures, see p. 62 and Fig. 1.
There were no significant differences between the groups (ANOVA).

was reported to increase. Differences in volunteer groups,
duration of intervention, selection of fruit and
vegetables for the intervention diets or other differences
between the two studies may explain this discrepancy.
Changes in effects on HDL-cholesterol have previously
been noted in the Indian diet-heart single-blinded inter-
vention study in which it was observed that increased
intake of fruit tends to decrease HDL-cholesterol after 8
weeks (Singh et al. 1992b), whereas there is an increase
after 12 weeks (Singh ez al. 1992a). The changes in the
present study may be explained by the 33% increase in
fibre intake (from a mean of 15 g/d in the groups receiving
the placebo and the supplement to 20g/d in the group
receiving fruit and vegetables) or by an increased intake of
unidentified non-nutrient factors from fruit and
vegetables such as plant sterols. Sex hormone levels were
determined in order to assess whether the lowered choles-
terol might be reflected in other aspects of sterol metabo-
lism. The absence of effects on female oestradiol levels or
male testosterone levels, or on plasma levels of the other
sex hormones, including sex hormone-binding globulin,
luteinising hormone and prolactin, indicates that no com-
pensatory mechanisms may have influenced these results.
In conclusion, a controlled dietary intervention with fruit
and vegetables has been shown to have significant effects
on plasma lipoprotein oxidation, erythrocyte peroxide
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Fig. 6. Change in the expression (fold change in amounts of spe-
cific mRNA) of the repressor genes y-glutamyl cysteinyl synthetase
heavy chain (GCLC; A), Fra-1, the repressor of electrophile
response element activation (B) and aryl hydrocarbon receptor
repressor (AhRR; C) between the run-in period and the end of the
intervention for the three dietary intervention groups: fruveg, 6009
fruit and vegetables/d; placebo, placebo pill and no fruit and vege-
tables; suppl, vitamin and mineral pill (for details, see p. 62) and no
fruit and vegetables. For details of subjects and procedures, see
p. 62 and Fig. 1. Values are means with their standard errors
represented by vertical bars. There were no significant differences
between the groups.

metabolism as well as serum LDL-cholesterol and total
cholesterol. None of these effects are related to any of the
vitamins or minerals present in the fruit and
vegetable intervention. These findings are in good accor-
dance with the increasing evidence that diets rich in fruit
and vegetables have a protective effect against CVD and
lend further support to dietary recommendations for an
increased intake of fruit and vegetables.
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