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A diet rich in fruit and vegetables can be effective in the reduction of oxidative stress, through the antioxidant effects of phytochemicals and other

mechanisms. Protection against the carcinogenic effects of chemicals may also be exerted by an enhancement of detoxification and DNA damage

repair mechanisms. To investigate a putative effect of flavonoids, a class of polyphenols, on the regulation of the gene expression of DNA repair

and metabolic genes, a 1-month flavonoid-rich diet was administered to thirty healthy male smokers, nine of whom underwent gene expression

analysis. We postulated that tobacco smoke is a powerful source of reactive oxygen species. The expression level of twelve genes (APEX, ERCC1,

ERCC2, ERCC4, MGMT, OGG1, XPA, XPC, XRCC1, XRCC3, AHR, CYP1A1) was investigated. We found a significant increase (P,0·001) in

flavonoid intake. Urinary phenolic content and anti-mutagenicity did not significantly change after diet, nor was a correlation found between fla-

vonoid intake and urinary phenolic levels or anti-mutagenicity. Phenolic levels showed a significant positive correlation with urinary anti-muta-

genicity. AHR levels were significantly reduced after the diet (P¼0·038), whereas the other genes showed a generalized up regulation, significant

for XRCC3 gene (P¼0·038). Also in the context of a generalized up regulation of DNA repair genes, we found a non-significant negative corre-

lation between flavonoid intake and the expression of all the DNA repair genes. Larger studies are needed to clarify the possible effects of

flavonoids in vivo; our preliminary results could help to better plan new studies on gene expression and diet.

DNA repair: Gene expression: Flavonoids: Dietary intervention trial

It is well established that a diet rich in fruit and vegetables can
play a role in preventing cancer as well as other chronic
degenerative disorders, such as CVD1–5.

It is widely accepted and supported by many epidemiological
studies that phytochemicals contained in vegetables and fruits,
including flavonoids and other types of polyphenolic com-
pounds, show complementary and overlapping mechanisms
of action, such as antioxidant effects, stimulation of the
immune system, antibacterial and antiviral effects, modulation
of hormone and detoxification enzymes metabolism, regulation
of gene expression in cell proliferation and apoptosis6–11.
Nevertheless, the few studies on the DNA repair genes OGG1
and ERCC1 reported no changes in gene expression levels in
vivo after a fruit and vegetable or antioxidant-rich diet12,13.

Epidemiological studies have suggested a protective role of
dietary flavonoids against CHD and possibly cancer14–17.

In two prospective large cohort studies, a significant inverse
association of flavonoid/flavone intake with lung cancer risk
was found18,19, while no clear effect of flavonoid intake and
risk of bladder cancer was reported.

Although the effect of flavonoids on gene expression has
been little studied in human subjects, some studies suggested
a flavonoid-mediated modulation of the expression of the CYP
family genes, whose products are involved in carcinogen acti-
vation and detoxification20–22. Exposure to polycyclic aro-
matic hydrocarbons contained in cigarette smoke causes the
induction of the CYP1A gene family, regulated by the cytoso-
lic protein aryl hydrocarbon receptor (AHR). Flavonoids can
either inhibit or activate human CYP depending upon their
structures, concentration and experimental conditions22,23.
An inhibition of CYP1A1 expression in HepG2 cells by resver-
atrol was previously reported20, while two dietary flavonoids
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showed different effects on the modulation of CYP1A1
expression in MCF-7 human breast cancer cells24.
Tobacco smoking is an important risk factor for several types

of human cancer including bladder cancer25–27. Several com-
pounds contained in cigarette smoke can damage DNA directly
(i.e. polycyclic aromatic hydrocarbons and nitrosamines)
or through the generation of reactive oxygen species28,29.
Oxidants, either present in cigarette smoke and/or formed as a
metabolic by-product in the lung and bladder cells of smokers,
may trigger oxidative damage to DNA and cellular components,
contributing to carcinogenesis. Smoke carcinogens and free rad-
icals generate several different types of DNA damage30.
Within the framework of a larger randomized controlled

trial to test the ability of flavonoids to increase urinary anti-
mutagenicity and inhibit the formation of DNA damage in
the bladder exfoliated cells in a group of healthy male
heavy smokers31,32, we hypothesize that smokers ingesting
dietary phenolics might be partially protected against the
harmful effects of tobacco compounds. In a subgroup, we
examined whether administration of foods rich in flavonoids
modulated some DNA repair and metabolic gene expression.
All the DNA repair genes investigated could be potentially

involved in repairing DNA damage due to tobacco smoke
compounds, which induce bulky DNA adduct formation,
base oxidation and give other base alterations and single and
double strand breaks.
DNA repair genes were selected because of: (i) the possible

role in repairing oxidative DNA damage (base excision repair
genes: APE1; OGG1; XRCC1); (ii) the involvement in repair-
ing other DNA adducts of carcinogens whose reactivity is
possibly modulated by the antioxidant activity exerted by
the flavonoids (nucleotide excision repair genes: ERCC1;
ERCC2; ERCC4; XPA; XPC; MGMT); (iii) the repair of
double strand breaks (e.g. XRCC3 gene), which was also
observed after flavonoid treatment in in vitro studies33.

Materials and methods

Subjects

In the overall dietary supplementation study31,32, ninety healthy
heavy smokers of air-cured tobacco were recruited among Ita-
lian blood donors. Trial participants were all males, aged 35–
70 years, resident in the Torino metropolitan area (northern
Italy), healthy on the basis of a medical questionnaire and had
normal values for urine and blood parameters (cholesterol,
TAG, glycaemia, blood pressure, etc.), as tested in the context
of selection for blood donation. All the volunteers gave written
informed consent according to ethical standard requirements.
In the context of the randomized controlled trial described

earlier, we nested a sub-study on DNA repair and metabolic
gene expression among nine subjects (GE subgroup) recruited
within the ‘flavonoid supplement’ group, one of the three arms
of the trial (see below).

Study design

Volunteers were randomly assigned to three groups, corre-
sponding to three different diets: (i) normal isoenergetic diet
(with an adequate administration of fruit and vegetables;
(ii) rich in flavonoids, but not based on supplementation;

(iii) based on supplementation of flavonoids in the form of
green tea, bilberry juice and soya products. A 2-week diet
period proved to be suitable to reveal changes in biomarkers
of fruit and vegetable intake34. In the present study, the volun-
teers followed the prescribed diet for 1 month in order to guar-
antee a complete turnover of the bladder cells used for the
DNA adduct analysis.

Within the flavonoid-supplementation group, eighteen sub-
jects, hereafter identified as ‘supplement’ group, completed
the dietary protocols and underwent a detailed analysis of diet-
ary information as extracted from diaries. For nine subjects
out of the eighteen, blood samples were collected according
to proper protocols for RNA extraction, and underwent gene
expression analysis (‘GE subgroup’).

Methods

Flavonoid-rich foods were chosen by an expert dietitian. A
recipe booklet was given to each participant as a reference and
a professional chef taught all the participants how to prepare
recipes with the selected foods in order to limit differences in
cooking methods and food choice, making the dietary regimen
comparable within each group. For each subject, a trained inter-
viewer recorded dietary and smoking habits by a direct interview
at enrolment and after 1 month of the diet. Adherence to dietary
protocols was assessed through telephone interviews by using
24-h dietary recalls (every 2 d) as well as weekly domestic
visits by a dietitian throughout the 4 week intervention.

Average intakes of flavonoids and some micronutrients
(vitamins B1, B2, B3, B12, C, A, D, E, folates, Se) were esti-
mated on the basis of daily dietary records.

Urine was collected weekly, as reported in Malaveille
et al.32 Briefly, urine samples were collected in polyethylene
bottles on Friday between 16.00 and 22.00 hours, kept at
48C in the volunteers’ homes and collected weekly by a dieti-
tian. Exfoliated bladder cells were immediately filtered from a
part of each sample, while the remaining urine was kept at
2308C and analysed within 6 months for anti-mutagenicity
and chemical content (phenolics, etc).

The amount of total urinary phenolics was measured in a
dimethyl sulphoxide (DMSO) solution of urinary extracts.
The glucuronides and sulfates contained in a 24 h urine aliquot
containing 3mg creatinine were enzymatically deconjugated
and the amount of phenolics was measured by spectrophoto-
metric analysis35.

Urine anti-mutagenicity was measured as a decrease in Sal-
monella Typhimurium revertants/total volume of collected
urine equivalent as described in Malaveille et al.32.

DNA damage in exfoliated bladder cells was measured as
relative adduct labelling £ 1029 by 32P post labelling tech-
nique36 at three time points: baseline; week 2; week 4 of diet.

Blood collection for RNA extraction was done twice (base-
line, week 4). Peripheral blood (2ml) was directly collected in
PAXgene Blood RNA Tubes (PreAnalitiX/QIAGEN, Valen-
cia, CA, USA) and total RNA was isolated using a column
affinity procedure (PAXgene Blood RNA Kit; QIAGEN)
according to the manufacturer’s instructions. A DNA nuclease
treatment step was included to prevent genomic DNA carry-
over. The random primed reverse transcription of 1mg total
RNA to single stranded cDNA was achieved by High-
Capacity cDNA Archive Kit (Applied Biosystems, Foster
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City, CA, USA) according to the manufacturer’s instructions,
adding 1U/ml final concentration of RNAse inhibitor (Applied
Biosystems).

Primers and probes for the target genes (APEX, ERCC1,
ERCC2, ERCC4, MGMT, OGG1, XPA, XPC, XRCC1,
XRCC3, AHR, CYP1A1) were purchased as pre-made assays
(Assay on Demand) from Applied Biosystems and analyses
carried out according to the producer’s instructions. As a
reference gene, we used b-actin AoD (Hs99999903_m1;
Applied Biosystems), which in a preliminary validation
assay proved to be suitable for the relative quantitation of
mRNA in our samples. Real time PCR analyses were carried
out on an ABI Prism 7000 Sequence Detection System
(Applied Biosystems). Three replicates for each sample were
analysed and a no-template control for each assay was
included in all the amplification plates.

Real-time PCR data were collected and analysed by the ABI
Prism 7000 SDS Software (Applied Biosystems). A relative
quantitation analysis (DDCt method) was performed as
described37.

Statistical analysis

Differences in the levels of all the variables analysed before
and after diet (considering week 2 and 4 whenever possible)
were tested by parametric (t test) and non-parametric methods
for paired samples (Wilcoxon and Friedman for two or more
groups, respectively). Correlations between variables were
tested by Pearson correlation test. All the analyses were per-
formed by the SPSS 13·0 package for personal computers
(SPSS Inc., Chicago, IL, USA) and values of P#0·05 were
considered statistically significant.

Results

The mean age of the subjects was: supplement group 52 (SD 5)
years (range 43–63 years); GE subgroup 51 (SD 7) years
(range 43–63 years).

The diet-related variation in flavonoid intake (mg) as
measured at three different time points (baseline, week 2
and week 4) significantly changed as a consequence of the
diet (P,0·001) as shown in Table 1, in agreement with that
reported for the overall trial32.

Urinary phenolic content and anti-mutagenicity as evaluated
at the same three time points did not change during the diet
period (Table 1).

The whole group and the GE group showed virtually no
difference; thus, results are reported in Table 1 for the
whole group.

Flavonoid intake during the diet period showed no corr-
elation with either urinary phenolic levels or urinary anti-
mutagenicity.

Urinary anti-mutagenicity showed a significant positive
correlation with urinary phenolics during the diet period
both in the ‘supplement’ (n 18, week 0: Pearson correlation
coefficient (PCC) 0·743, P,0·001; week 2: PCC 0·745,
P,0·001; week 4: PCC 0·724, P¼0·001) and GE subgroup
(n 9, week 0: PCC 0·607, P¼0·083; week 2: PCC 0·774,
P¼0·014; week 4: PCC 0·760, P¼0·017).

No significant difference was found in the mean number/d
of cigarettes smoked pre- (baseline) and post-diet both in
the overall supplement group (n 18; baseline: 21·44 (SD
7·04); week 4: 20·50 (SD 5·85); NS) and in the GE subgroup
(n 9; baseline: 20·44 (SD 4·42); week 4: 20·33 (SD 3·08); NS).

During the diet period, a negative correlation between
smoking and urine anti-mutagenicity was shown for the
whole group, statistically significant when considering the
GE subgroup (PCC 20·693, P¼0·038).

No difference in the mean levels of DNA adducts in exfo-
liated bladder cells was found during the diet period both in
the overall (n 18; baseline: 26·8 (SD 22·2) £ 1029; week 2:
27·8 (SD 50·3) £ 1029; week 4: 25·7 (SD 21·2) £ 1029; NS)
and in the GE group (n 9; baseline: 22·0 (SD 23·9) £ 1029;
week 2: 55·4 (SD 78·4) £ 1029; week 4: 21·9 (SD 29·7)
£ 1029; NS), as computed by both Friedman test and Wil-
coxon paired test.

Gene expression analysis

Considering the GE subgroup (n 9), the mean ratio of gene
expression level for each of the twelve target genes (pre- v.
post-diet) ranged from a 0·813-fold mean variation for AHR
gene to 1·71-fold mean variation for XPA (b-actin 1; APEX
1·187; ERCC1 1·113; ERCC2 1·132; ERCC4 1·014; MGMT
1·316; OGG1 1·095; XPA 1·711; XPC 0·971; XRCC1 1·125;
XRCC3 1·271; AHR 0·813; CYP1A1 1·181).

Table 1. Diet-related variation in flavonoid intake, urinary phenolics and urinary anti-mutagenicity at different
time points{

(Values are means and standard deviations)

Supplement group (n 18)

Week 0 Week 2 Week 4

Mean SD Mean SD Mean SD

Flavonoid intake† 52·47 65·02 236·20 79·48 228·19*** 91·86
Urinary phenolics ( £ 1023)‡ 36·40 16·76 32·80 20·99 33·45 20·61
Urinary anti-mutagenicity ( £ 1024)§ 345·05 122·71 327·51 132·72 300·80 126·12

Significant diet related variation (Friedman test): ***P,0·001.
†Estimated from dietary recordings.
‡mg/total volume of collected urine equivalent, as described in Malaveille et al.32

§Decrease in revertants/total volume of collected urine equivalent (creatinine corrected), as described in Malaveille et al.32

{For details of subjects and procedures, see Materials and methods.
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The majority of the genes seem to undergo a generalized up
regulation after the diet period, statistically significant for
XRCC3 gene (P¼0·038 Wilcoxon paired test; P¼0·036
paired t test), AHR gene (P¼0·038 Wilcoxon paired test;
P¼0·026 paired t test) and with borderline significance for
MGMT gene (P¼0·051 Wilcoxon paired test; P¼0·107
paired t test).
A positive correlation (Pearson correlation test) between

smoking and gene expression levels during the month of
diet, statistically significant for ERCC1 (P¼0·037) and
ERCC2 (P¼0·045), is shown for all the genes except
CYP1A1, which shows a negative though not significant corre-
lation with smoking.
We measured the correlation between the variation of

expression levels for the twelve genes at the end of the diet
period, which all positively correlate (most of them signifi-
cantly), except the CYP1A1 gene, which shows a negative cor-
relation (although not significant) with all the other genes
(see supplementary table, available online).
Food and gene expression. Food consumption at baseline

and during the month of diet was recorded and categorized
according to nutritional profiles (e.g. cereals, meat, vegetables,
fruit, dairy, etc.), specifying as separate categories flavonoid-
rich foods (soyabeans and derivatives, onions, red wine,
green tea and bilberry juice). Micronutrient consumption
(folates, vitamins, minerals) as well as flavonoid intake was
estimated from dietary records.

Estimated mean dietary flavonoid intake negatively corre-
lates with variations in expression levels of all the examined
genes except CYP1A1 (correlation statistically significant for
ERCC2, P¼0·049). Total folates and vitamin B12 levels posi-
tively correlate with CYP1A1 gene expression variations
(P¼0·006 and P¼0·009 respectively).

Comparing the food intake at baseline and the mean food
intake during the diet period (Wilcoxon paired test), we
found a significant diet-related change for some food cat-
egories both in the overall supplement group and in the GE
subgroup as presented in Table 2. However, no statistical sig-
nificance was found after Bonferroni correction for multiple
comparisons.

According to the present results, some food categories seem
to affect gene expression levels in the GE subgroup, shown in
Table 3. A non-significant positive correlation between citrus
fruits, cruciferous vegetables, red wine and fish intakes and the
expression levels of the majority of the genes examined was
found, while fruits and vegetables showed a generalized
non-significant negative correlation (P.0·05). Flavonoid-
rich foods, such as soya products, onions, green tea and bil-
berry juice, negatively correlate with the expression of all
the genes, except CYP1A1 (with soya, onions and green tea)
and AHR (with bilberry juice) (P.0·05).

To investigate a short-term effect of specific food consump-
tion on gene expression, we compared in the GE subgroup the
food intake the day before baseline blood sampling (baseline

Table 2. Dietary variations during the trial for selected food categories§

(Values are means and standard deviations)

Supplement group (n 18) GE group (n 9)

BI* MDI† BI* MDI†

Food category Mean SD Mean SD Mean SD Mean SD

Alcohol (ml/d) 87·611 150·915 63·125 95·413 95·778 124·874 71·631 95·792
Bilberry juice (ml/d) 0·000 0·000 29·806‡‡‡ 17·694 0·000 0·000 36·099‡‡ 19·008
Black tea (ml/d) 0·000 0·000 5·952‡ 11·893 0·000 0·000 3·571 5·357
Butter (g/d) 1·389 3·648 1·714 1·502 1·556 4·667 1·317 0·889
Cereals (g/d) 387·000 233·361 396·065 121·500 411·222 232·581 435·218 120·285
Cheese (g/d) 64·889 74·007 37·514 18·400 53·778 54·037 32·266 15·341
Citrus fruit (g/d) 213·611 400·137 146·111 141·790 200·556 309·099 135·405 105·996
Coffee (ml/d) 151·500 62·529 138·635 60·886 169·667 52·593 137·548‡ 57·424
Cruciferous vegetables (g/d) 7·722 30·824 38·804‡‡ 23·357 14·556 43·667 46·925 21·210
Eggs (g/d) 21·944 50·763 9·119 6·122 28·889 57·813 8·393 6·575
Fish (g/d) 62·000 98·894 46·899 21·592 67·000 101·288 51·849 19·121
Fruit (except citrus fruit) (g/d) 89·222 118·649 218·599‡‡ 146·293 93·111 134·363 243·972‡ 131·061
Green tea (ml/d) 0·000 0·000 101·607‡‡ 218·090 0·000 0·000 76·032‡ 74·132
Legumes (g/d) 13·389 56·307 34·960‡‡ 20·108 0·222 0·667 40·679‡‡ 23·329
Meat (g/d) 92·444 123·068 131·980 60·873 114·889 154·637 136·171 73·267
Milk (ml/d) 70·889 116·004 83·224 69·670 100·222 150·875 96·960 87·856
Olive oil (ml/d) 9·611 10·393 18·190‡‡ 11·095 10·222 12·726 19·500 7·420
Onions (g/d) 8·389 15·557 11·970 10·760 12·556 18·676 12·540 5·221
Potatoes (g/d) 28·722 66·486 43·764 20·190 43·556 91·989 40·726 16·055
Red wine (g/d) 177·778 265·905 160·860 155·896 228·556 334·947 172·250 166·635
Seed oil (ml/d) 1·778 7·059 0·798 1·276 3·556 9·939 1·052 1·682
Soya products (g/d) 0·944 4·007 6·516‡ 10·986 1·889 5·667 10·571 14·115
Sweets and cakes (g/d) 88·722 68·601 57·796 31·164 116·222 83·195 57·405 27·898
Vegetables (g/d) 175·444 149·448 219·050 125·371 177·222 163·139 213·802 52·881
Water (ml/d) 815·278 494·911 819·444 378·042 700·000 558·458 853·373 440·077

*Baseline intake; food intake the day before the first day of diet.
†Mean dietary intake: food intake abstracted from self-administered daily diaries and averaged over 1month.
Significant dietary variation (Wilcoxon Z test): ‡P#0·05; ‡‡P#0·01; ‡‡‡P#0·001 – not significant after Bonferroni correction for multiple test.
§ For details of subjects and procedures, see Materials and methods.
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Table 3. Gene expression variations v. food intake variation§

APEX ERCC1 ERCC2 ERCC4 MGMT OGG1 XPA XPC XRCC1 XRCC3 AHR CYP
Gene expression variation† 1·187 1·113 1·132 1·014 1·316 1·095 1·711 0·971 1·125 1·271‡ 0·813‡ 1·181

Food category
Water (ml/d) 20·527 20·555 20·420 0·287 20·489 20·498 20·480 0·128 20·582 20·560 20·007 0·048
Citrus fruit (g/d) 0·116 0·379 0·343 0·486 0·245 0·263 20·283 0·461 0·202 0·109 20·161 0·317
Alcohol (ml/d) 0·314 0·339 0·441 20·210 0·278 0·306 0·285 0·118 0·495 0·427 0·076 20·820**
Butter (g/d) 0·013 20·087 20·077 20·092 0·011 20·073 0·138 0·046 0·352 0·128 20·052 20·504
Coffee (ml/d) 20·242 20·014 0·167 0·014 20·090 0·004 20·106 0·198 20·062 20·125 20·437 0·603
Meat (g/d) 0·021 20·079 20·211 20·614 20·047 20·090 0·104 20·545 0·094 20·015 20·309 0·187
Cereals (g/d) 20·462 20·497 20·474 0·163 20·349 20·471 20·215 20·210 20·555 20·422 0·095 0·594
Onions (g/d) 20·487 20·468 20·340 20·164 20·347 20·479 20·405 20·281 20·518 20·464 20·098 0·419
Cruciferous vegetables(g/d) 0·107 0·041 0·153 20·330 0·082 0·222 0·202 0·242 0·214 0·018 20·349 0·301
Sweets and cakes (g/d) 0·526 0·592 0·728* 20·250 0·537 0·671* 0·537 0·341 0·583 0·556 0·004 20·085
Cheese (g/d) 20·572 20·576 20·575 0·293 20·516 20·562 20·138 20·139 20·395 20·396 20·129 0·274
Fruit (except citrus fruit) (g/d) 20·551 20·510 20·599 0·420 20·453 20·530 20·510 0·013 20·421 20·547 20·304 0·665
Milk (ml/d) 0·463 0·278 0·317 20·449 0·417 0·454 0·631 0·131 0·551 0·420 0·037 20·019
Legumes (g/d) 20·071 20·037 20·038 20·467 0·018 20·036 0·008 20·256 0·125 20·043 20·440 0·564
Bilberry juice (ml/d) 20·132 20·326 20·322 20·042 20·269 20·264 20·228 20·048 20·273 20·283 0·135 20·502
Olive oil (ml/d) 0·066 20·081 20·273 0·194 0·160 20·027 0·423 20·153 0·077 0·141 0·309 0·705*
Seeds oil (ml/d) 0·676* 0·846** 0·780* 0·323 0·619 0·719* 0·388 0·315 0·513 0·714* 0·442 20·578
Potatoes (g/d) 0·606 0·711* 0·703* 0·141 0·516 0·620 0·394 0·277 0·552 0·664 0·351 20·851**
Fish (g/d) 0·272 0·214 0·306 20·020 0·304 0·233 0·072 0·105 20·027 0·174 0·524 20·206
Soya products (g/d) 20·559 20·655 20·518 20·387 20·523 20·500 20·396 20·132 20·453 20·664 20·576 0·632
Black tea (ml/d) 20·051 20·148 20·183 20·004 20·101 20·035 0·003 20·057 20·359 20·222 0·072 0·559
Green tea (ml/d) 20·251 20·215 20·059 20·413 20·282 20·145 20·500 20·011 20·357 20·466 20·510 0·283
Eggs (g/d) 20·576 20·495 20·378 20·043 20·624 20·530 20·338 20·181 20·353 20·427 20·422 20·357
Vegetables (g/d) 20·523 20·475 20·442 0·178 20·451 20·462 20·178 20·216 20·559 20·424 20·094 0·571
Red wine (g/d) 0·147 0·155 0·324 20·486 0·164 0·291 0·230 0·131 0·225 0·104 20·334 0·303

Pearson Correlation Coefficient: *P#0·05; **P#0·01.
†Gene expression variation values are reported for quick reference: 1·000, no variation in gene expression after the diet; .1·000, up regulation of gene expression after the diet; ,1·000, down regulation of gene expression after the

diet.
Significant gene expression variations (Wilcoxon test) ‡P , 0·05 2 not significant after Bonferroni correction for multiple tests.
§For details of subjects and procedures, see Materials and methods.
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pre sampling) and the food intake the day before blood
sampling after 4 weeks of diet (week 4 pre-sampling; 4-PS).
The variation in mean fruit consumption proved to be statisti-
cally significant (baseline pre-sampling 93·11 (SD 134·36) g/d
v. 4-PS 347·00 (SD 230·44) g/d, P¼0·012), while mean green
tea and vegetable intakes were increased, but not significantly
(baseline pre-sampling 0·00ml/d v. 4-PS 50·00 (SD 75·00) ml/
d, P¼0·083 and baseline pre-sampling 177·22 (SD 163·14) g/d
v. 4-PS 230·44 (SD 113·61) g/d, P¼0·066, respectively).
Considering food categories, a negative correlation

between gene expression variations and cheese intake was
found for all the genes, statistically significant for ERCC1
(P¼0·021), ERCC2 (P¼0·033), MGMT (P¼0·028) and
OGG1 (P¼0·029). Seed oil intake also negatively correlated
with gene expression variations in all the genes, significantly
for ERCC1 (P¼0·011), ERCC2 (P¼0·024) and OGG1
(P¼0·046), while showing a positive though not significant
correlation with CYP1A1 gene expression variations.
CYP1A1 expression positively correlated with coffee intake

(P¼0·037), while negatively correlating with alcohol intake
(P¼0·047).
Flavonoid intake on 4-PSd negatively correlated with vari-

ations in expression levels of all the examined genes and the
correlation was statistically significant for ERCC2 (P¼0·049).

Discussion

In the context of a randomized dietary intervention trial to
assess the ability of flavonoids to increase urinary anti-muta-
genicity and inhibit DNA damage in male heavy smokers,
we conducted a pilot study aiming at investigating a possible
effect of a flavonoid-rich diet on the expression levels of
twelve genes: ten DNA repair genes belonging to different
repair pathways (nucleotide excision repair, base excision
repair, double strand breaks repair) and two metabolic genes
(CYP1A1 and AHR). Flavonoids can be hypothesized to modu-
late the expression levels of the afore-mentioned genes
according to two distinct mechanisms: (i) a down regulation
of DNA repair genes could be expected if the antioxidant
properties of flavonoids contribute to reduce the burden of
reactive oxygen species that can damage DNA; or (ii) a modu-
lation (up regulation or down regulation) of the expression
levels could be expected if the diet-derived flavonoids exert
a direct effect on gene expression.
The trial demonstrated the expected modification in diet-

related flavonoid intake as assessed from dietary diaries,
achieved through dedicated instructions given to volunteers
by a chef. Although some authors describe urinary excretion
of dietary-derived polyphenols and flavonoid aglycones or fla-
vonoid conjugated in human subjects as biomarkers of dietary
intake38,39, the present data do not support a substantial
change in urinary phenolics as a consequence of the trial.
Factors influencing bioavailability include the chemical

properties of the polyphenols, deconjugation/reconjugation in
the intestines, intestinal absorption and enzymes available
for metabolism40.
Nevertheless, the strong correlation between urinary

phenolic levels, not affected by dietary changes, and urine
anti-mutagenicity against 2-amino-1-methyl-6-phenylimidazo
[4,5-6]pyridine (PhIP)-induced mutations in vitro, which was
shown and discussed previously32, supports a protective role

of polyphenols and/or their bacterial metabolites against
mutagens, such as heterocyclic amines, contained in tobacco
smoke.

Although several studies report a beneficial effect of flavo-
noids against chronic degenerative diseases and a protective
role against cancer through their antioxidant properties,
some authors describe a detrimental effect of some dietary
bioflavonoids, which were shown to cause a high rate of
DNA breaks in the MML gene, whose translocations are
involved in the onset of infant leukaemia33. Interestingly, in
our sample of subjects the gene XRCC3 belonging to the
double strand break repair pathway is significantly up regu-
lated. XRCC3 participates in DNA double-strand break and
cross-link repair through homologous recombination and con-
tributes, as other RAD51-related proteins, to the maintenance
of chromosomal stability41–43.

A high frequency of chromosomal instability or aberrations
induced by tobacco-related carcinogens in bladder cancer is to
be expected. Indeed, a number of studies showed aberrations
and allelic losses in different chromosomes44,45, so bladder
cancer can be considered one of the cancers prone to chromo-
somal instability. In this context, also, certain flavonoids could
apparently produce similar damage, inducing in particular
double strand breaks repair through the homologous recombi-
nation pathway.

Even though AHR expression seems to be significantly
reduced in our sample after the diet period, we found an
increase in the expression levels of CYP1A1, whose induction
is known to be mediated by polycyclic aromatic hydrocarbon
activated AHR.

It was shown that lack of AHR-mediated induction of
CYP1A1 conferred protection against benzo[a]pyrene (B[a]P)
induced carcinogenesis in AHR knock-out mice46,47, and that
a resveratrol-mediated inhibition of CYP1A1 and CYP1B1
expression can reduce the B[a]P adduct formation in human
bronchial epithelial cells48.

Given this, an up regulation of CYP1A1 can be supposed to
be detrimental. Nevertheless, a flavonoid mediated stimu-
lation/induction of CYP family genes can activate cellular
defence mechanisms, allowing a more effective response to
future stressors, according to the principles of hormesis49,50.
It is accepted today that flavonoids can exert their protective
effect through a stressor mechanism, predisposing the cells
to better respond to damaging agents. Depending on doses
and chemical properties, some flavonoids can show both anti-
oxidant and pro-oxidant activity51. Quercetin, a flavonoid con-
tained in high doses in onions, can be activated to DNA
reactive species, with the formation of alkylating DNA-reac-
tive intermediates and proved to be mutagenetic, at least in
vitro, through several mechanisms reviewed in Rietjens
et al.52. An in vitro AHR mediated induction of CYP1A1
stimulated by quercetin, was also described24. In the present
sample, no relationship was found between onion intake and
gene expression, suggesting that dietary intakes of onion-
derived quercetin may not be enough to elicit a detectable
induction of CYP family. Moreover, adduct levels did not sig-
nificantly change after the diet, indicating no detrimental
effect of onion intake on quercetin-induced AHR-mediated
carcinogenesis in human subjects, at least in dietary amounts.

However, a possible limitation of the DNA adducts analysis
in the present study should be taken into account. Even though
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exfoliated bladder cells proved to be suitable for biomarker
analysis53–58 and the DNA adduct detection in exfoliated
bladder cells by 32P post-labelling is a commonly used anal-
ysis whose feasibility is well proven59–63, we found no
change in exfoliated bladder cell DNA adduct levels after
the diet. In addition to advocating no effect of dietary flavo-
noid intake on the DNA adduction state, this may also be
explained considering that exfoliated cells obtained in a
urine sample are terminally differentiated and as such likely
have much lower metabolic activity than the stem cells from
which they arose, so DNA damage is less likely to be repaired.

Even in the context of a generalized up regulation of DNA
repair genes, we found an inverse correlation between
flavonoid intake and gene expression levels, which may
suggest a flavonoid-mediated reduction of smoke-induced
DNA damage, that should nevertheless be confirmed in
larger studies. Although the present findings are intriguing,
it must be remembered that this is a pilot study on a small
number of subjects and with a limited power: even if the
inter-variability among subjects concerning gene expression
levels can be in part corrected by the choice of a relative quan-
titation assay using a housekeeping gene as an internal refer-
ence as described in the Methods section, increasing the
number of subjects can overwhelm the occurrence of
random variability due to uncontrollable factors (e.g. the sub-
jects do not share exactly the same environment).

Moreover, it would be reductive to ascribe to flavonoids a
single protective mechanism. A synergistic effect of several
compounds and mechanisms of action resulting in a cumulat-
ive beneficial effect against carcinogenesis seems to be a more
realistic interpretation. For instance, antioxidant properties of
flavonoids are effective in scavenging free radicals, thus redu-
cing oxidative DNA damage and initiation of lipid peroxi-
dation, which also leads to the formation of DNA-damaging
reactive species64–66. In addition to having antioxidant proper-
ties, polyphenolic compounds, including flavonoids, were
found to inhibit the formation of N-nitroso compounds (e.g.
from nitrosamine in tobacco products, drugs, nitrite-cured
meat), which are a known aetiological factor for tumours in
stomach, oesophagus, nasopharynx, urinary bladder and
colon67,68. Several other mechanisms of action of subclasses
of flavonoids are reported and reviewed in Mariappan
et al.69, including modulation of gene expression of several
genes involved in cellular processes (proliferation, signalling,
immune response transcriptional regulation, apoptosis, etc.)
and anti-proliferative properties by induction of apoptosis
and inhibition of nuclear transcription factors and signal trans-
duction pathways70–73.

Despite the growing bulk of literature about flavonoids as
putative anti-cancer compounds, the results are often contrast-
ing and much remains to be clarified about the effects of
specific categories of flavonoids on human health and the
underlying biological processes. The contribution of each
single mechanism of action of a specific flavonoid or subclass
is far from being completely characterized, and synergisms
and cumulative effect should be taken into account. An exten-
sion of the present study to a larger sample under more con-
trolled dietary conditions is warranted, including functional
tests (e.g. Comet Assay; Host Cell Reactivation Assay) to
better understand the impact of a flavonoid/polyphenol-rich
diet on DNA repair pathways.
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Supplementary Table. Pre diet vs post diet gene expression correlations.

APEX ERCC1 ERCC2 ERCC4 MGMT OGG1 XPA XPC XRCC1 XRCC3 AHR CYP

APEX –
ERCC1 0.911*** –
ERCC2 0.722* 0.885** –
ERCC4 0.151 0.297 0.201 –
MGMT 0.975*** 0.929*** 0.759* 0.214 –
OGG1 0.931*** 0.966*** 0.896*** 0.275 0.934*** –
XPA 0.865** 0.684* 0.528 2 0.007 0.814** 0.764* –
XPC 0.452 0.576 0.701* 0.620 0.518 0.675* 0.293 –
XRCC1 0.909*** 0.901*** 0.753* 0.218 0.930*** 0.900*** 0.803** 0.571 –
XRCC3 0.784* 0.839** 0.631 0.200 0.790* 0.772* 0.762* 0.296 0.876** –
AHR 0.728* 0.533 0.323 0.345 0.682* 0.582 0.753* 0.233 0.511 0.469 –
CYP 2 0.308 2 0.308 2 0.390 2 0.038 2 0.214 2 0.288 2 0.312 2 0.164 2 0.339 2 0.293 2 0.290 –

Pearson Correlation Coefficients are reported: *P # 0.05; **P # 0.01, ***P # 0.001
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