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Dietary flavonoids protect human colonocyte

DNA from oxidative attack

Summary Background & Aims:
Epidemiological studies suggest
that antioxidant polyphenols in
the human diet may protect
against diseases such as cancer. In
this study we investigated the
cytoprotective potential of the
flavonoids, quercetin, myricetin,
kaempferol and rutin against
oxidative DNA damage in human
colonocytesin vitro.
Methods: Caco-2 cells, which
display specialised
enterocyte/colonocyte cell
functions, were used as anin
vitro model for human
colonocytes. Hydrogen peroxide
was employed as the oxidant.
DNA damage (strand breakage,
oxidised purines and oxidised
pyrimidines) was determined
using the alkaline single cell gel
electrophoresis or comet assay.
Cell growth and viability were
measured.
Results: Hydrogen peroxide
caused a dose-dependent increase
in DNA strand breakage in human

colonocytes, presumably via oxygen
free radical generation. Quercetin
and myricetin protected Caco-2
cells against oxidative attack. In
addition, quercetin decreased
hydrogen peroxide-mediated
inhibition of growth. Neither rutin
nor kaempferol was effective.
However, quercetin, while inhibiting
DNA strand breakage, did not alter
the levels of oxidised bases
following peroxide treatment. The
antifungal agent ketoconazole,
prevented quercetin cytoprotection
in Caco-2 cells, indicating that
P450-mediated metabolism may
alter the efficacy of the flavonoids
against oxidative DNA damage.
Conclusion: Flavonoids,
particularly quercetin, the most
abundant flavonoid in the human
diet, are likely to be important in
defending human colonocytes from
oxidative attack.
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Introduction

Colorectal cancer is the second most prevalent cancer in
the developed world (31). In conventional epidemiologi-
cal studies, low intakes of fruits and vegetables are asso-
ciated with an increased risk of this malignancy (38, 39,
43) while supplementation with antioxidant micronutri-
ents such as vitamin C and E, and fibre reduces the inci-

dence of premalignant lesions in familial adenomatous
polyposis (10). However, other dietary micronutrients
may also be protective. Flavonoids are polyphenolic
compounds found in significant quantities in the human
diet (20, 21). It has been estimated that flavonoid intake
may exceed that of the fat-soluble antioxidants, vitamin E
and beta-carotene (20). The flavonoids are potent antioxi-
dants in vitro (8, 28). They also inhibit UV- or
chemically-induced aberrant crypt formation, DNA strand
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breakage, and tumorigenesis in rodents (23, 42) and
modulate immune function and drug metabolising enzyme
activities (27, 30). While several population studies have
reported a significant negative correlation between die-
tary flavonoid intake and coronary heart disease mortality
or incidence of stroke (19, 21, 24), evidence for a protec-
tive role for these compounds against DNA damage in
human cells or against cancer in human subjects is lack-
ing.

The Caco-2 cell line displays specialised entero-
cyte/colonocyte cell functions. It expresses many intesti-
nal enzymes such as sucrase, maltase, gamma-
glutamyltransferase and aldehyde dehydrogenase compa-
rable with normal colonic mucosal activity (25) and re-
tains the ability to transport vitamins, ions and glucose (2,
3, 33). Caco-2 cells have been used to investigate drug
metabolism, genotoxicity, and the influence of nutrients
on iron availability, calcium transport and brush border
enzyme activities (5, 34, 35, 40).

This study investigates the ability of the dietary fla-
vonoids kaempferol, myricetin, quercetin, and rutin to
protect Caco-2 cells against oxygen radical-induced geno-
toxicity measured using the alkaline single cell gel elec-
trophoresis or “comet assay”.

Materials and methods

RPMI 1640 medium and Dulbecco’s Modification of Ea-
gle’s medium (DMEM) were from ICN Flow. Ultrapure
low melting point (LMP) agarose and standard melting
point (SMP) agarose were from Gibco Life Technologies
Inc. (Paisley, UK). 4’,6-diamidine-2-phenylindole dihy-
drochloride (DAPI) was provided by Boehringer Mann-
heim (Lewes, UK). Kaempferol, myricetin, quercetin, and
rutin were from Sigma (Poole, UK).

Culture of Caco-2 cells

Caco-2 cells were routinely cultured in DMEM supple-
mented with 20% (v/v) FCS, 100 U/ml penicillin, 100
µg/ml streptomycin, 2 mM L-glutamine and non-essential
amino acids (complete medium). Cell stocks were main-
tained at 37oC in 5% CO2/95% air.

Caco-2 cells and flavonoid-induced DNA damage (strand
breaks)

Caco-2 cells were subcultured using 0.25% trypsin in
0.02% EDTA to a cell density of 1x106/flask, grown
in complete medium for 18 h before being washed twice
in PBS, pH 7.4, and exposed to flavonoid (0–1 mM in
DMSO) for 18 h at 37oC in 5% CO2/95% air. Control
cultures received the equivalent concentration of DMSO
to a maximum of 1% of the culture medium. The cultures
were washed twice, recovered using trypsin/EDTA and
spun at 200 x g at 4oC for 3 min. The pellet (approx.

2x104 cells) was resuspended in LMP agarose for comet
analysis.

Caco-2 cells and flavonoid-mediated cytoprotection

The protective effect of flavonoids against H2O2-induced
DNA damage and inhibition of growth was investigated.
For comet analysis, Caco-2 cells, (1x106 cells per flask)
were grown for 18 h, washed twice in PBS, and incu-
bated with flavonoid in DMSO for either 30 min or 18 h
at 37oC in 5% CO2/95% air. Cultures were washed and
incubated with H2O2 (200 µM in PBS) for 5 min on ice.
The cells were washed, recovered using trypsin/EDTA,
and resuspended in LMP agarose. The influence of xeno-
biotic metabolism on flavonoid-mediated cytoprotection
was determined. Caco-2 cultures were preincubated either
with the P450 inhibitor ketoconazole (50µM) or the cy-
clooxygenase inhibitor indomethacin (50µM) for 30 min
before exposure to flavonoid and H2O2.

To investigate the effect of flavonoids on oxidant-
induced inhibition of growth, Caco-2 cells were passaged
at 0.5x106/flask and allowed to attach overnight. The
cells, preincubated with flavonoid for 30 min, were ex-
posed to H2O2 (200µM), washed twice in PBS and grown
for 7 d before cell number was determined. Viability was
measured by Trypan blue exclusion.

Quercetin-mediated cytoprotection in human lymphocytes

The influence of quercetin on oxidant-induced DNA dam-
age was also measured in human lymphocytes. Lympho-
cytes from volunteers (males and females, 25–55 years of
age) were isolated from a finger prick sample (11) and
treated with quercetin and H2O2, either in the presence or
absence of metabolic inhibitors, as described for Caco-2
cells. The ability of quercetin to modulate oxidant-
induced inhibition of proliferation was measured follow-
ing mitogenic stimulation (12). Lymphocytes, suspended
at 1.0x105/ml were preincubated with flavonoid for 30
min, exposed to H2O2 (200 µM), washed twice in PBS
and grown for 7 d before cell number was determined.
Viability was also measured by Trypan blue exclusion.

Single cell gel electrophoresis (the comet assay)

Flavonoid toxicity and cytoprotective potential were
measured using the comet assay. Cells embedded in aga-
rose were lysed with high salt and detergent leaving the
DNA as a distinct “nucleoid” (12). DNA was allowed to
unwind under alkaline conditions. Breaks in the DNA
molecule disrupt its complex supercoiling allowing free
DNA loops to migrate towards the anode during electro-
phoresis. DNA damage to the cells can be thus visualised
as “comets”. Cells (Caco-2 or lymphocytes) were sus-
pended in LMP agarose [80µl of a 1% (w/v) solution in
PBS] at 37oC and pipetted onto a frosted glass micro-
scope slide precoated with a similar solution and amount
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of SMP agarose. The agarose was set for 10 min at 4oC
and the slides incubated for 1 h in lysis solution [2.5 M
NaCl, 10 mM Tris, 100 mM Na2EDTA, NaOH to pH 10,
supplemented with 1% (v/v) Triton X-100] at 4oC. Oxi-
dative DNA damage was specifically detected by treat-
ment with bacterial DNA repair enzymes which recognise
oxidised pyrimidines (endonuclease III) or purines (Fapy-
glycosylase) and create a break (6, 14). Following lysis
the slides were washed 3 times for 5 min each in enzyme

buffer (40 mM HEPES-KOH, 0.1 M KCl, 0.5 mM EDTA,
0.2 mg/ml BSA, pH 8, 4oC), blotted dry and incubated
either with enzyme or buffer (50µl) for 45 min (endonu-
clease III) or 30 min (Fapyglycosylase) at 37oC. The
slides were held in an electrophoresis tank (260 mm
wide) containing buffer (1 mM Na2EDTA, 0.3 M NaOH,
pH 12.7 at 4oC) for 40 min before electrophoresis at 25V
for 30 min. The slides were neutralised by washing 3
times for 5 min each in buffer (0.4 M Tris-HCL, pH 7.5,
4 oC) and stained with DAPI (20µl of a 5 µg/ml stock so-
lution).

Comets were scored visually. Visual classification has
been extensively validated using computerised image
analysis and shows a linear relationship with parameters
such as tail length, tail moment and percent fluorescence
in the comet tail (6, 7, 11). One hundred nucleoids per
slide were classified according to the intensity of fluores-
cence in the comet tail. Each treatment was carried out in
duplicate per experiment and each experiment repeated at
least twice, i.e. n = no of individual experiments. Images
were given a value of 0–4 (from undamaged to maximally
damaged). DNA damage therefore extends from 0 to 400
arbitrary units and covers a range of strand break frequen-
cies [estimated using X-ray calibration] of 0–3 breaks per
109 Daltons (7).

Statistics

Student’s t-tests (unpaired and paired) were carried out as
appropriate.

Results

The cytoprotective ability of dietary flavonoids against
oxidative DNA damage in human colonocytes was inves-
tigated. Hydrogen peroxide induced DNA strand breakage
in Caco-2 cells, seen as an increase in heavily damaged
comet classes in peroxide-treated colonocytes (200µM)
compared with untreated cells (Fig. 1). Genotoxicity was
concentration dependent (Fig. 2). A 30 min incubation
with quercetin (50µM) prior to hydrogen peroxide re-
duced DNA breakage by 50% (Fig. 3). Myricetin was
protective at 1 mM [143 ± 7.1 arbitrary units in peroxide

Fig. 2 Hydrogen
peroxide-induced
DNA strand breaka-
ge in Caco-2 cells.
Caco-2 cells in cul-
ture were exposed
to increasing con-
centrations of H2O2

for 5 min on ice.
The cells were iso-
lated and DNA
strand breakage de-
termined using the
comet assay.
Results are mean
[SEM (N>6)] .

Fig. 1 Comet images of
untreated human colonocytes
(A) or colonocytes exposed to
hydrogen peroxide (B). Caco-2
cells in culture were treated
with or without H2O2 (200 µM)
for 5 min on ice and DNA
damage measured by the comet
assay.

Fig. 3 Quercetin inhibits H2O2- induced DNA strand breakage in
Caco-2 cells. Cells, pre-treated either with or without quercetin
(50 µM) for 30 min, were exposed to H2O2 (200 µM) for 5 min on ice
before DNA damage was measured using the comet assay. Results
are mean (SEM (N>4) * P<0.01, where P values refer to differences
in DNA strand breakage between H2O2-treated cells preincubated
with or without flavonoid.
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plus flavonoid-treated colonocytes versus 305 ± 9.2 arbi-
trary units in peroxide-exposed cells; mean ± SEM, n>4,
P<0.01]. Neither kaempferol nor rutin altered genotoxic-
ity (data not shown). Hydrogen peroxide inhibited Caco-2
and lymphocyte growth by 30% [5.34 ± 0.19 x 106

cells/flask in untreated colonocytes versus 3.75 ± 0.12 x
106 cells/flask in hydrogen peroxide-treated colonocytes
and 104 ± 16.4 x 104 cells/ml in untreated lymphocytes
versus 73.8 ± 13.9 x 104 cells/ml in peroxide-treated lym-
phocytes; mean ± SEM, n=4]. Quercetin alone had no ef-
fect on growth in either cell type (data not shown). Quer-
cetin (50µM) protected Caco-2 cells and human lympho-
cytes against hydrogen peroxide-mediated inhibition of
growth (Fig. 4). While quercetin protected against DNA
strand breakage, it did not alter the level of oxidised
bases in human colonocytes (Fig. 5). Cytoprotection
against DNA strand breakage was abolished when human
lymphocytes were preincubated with flavonoid for 18 h
rather than 30 min prior to hydrogen peroxide treatment
(Table 1). Both long- and short-term pre-treatment sig-
nificantly reduced oxidant-induced DNA strand breakage
in Caco-2 cells (Table 1). Incubating Caco-2 cells with
ketoconazole (4) abolished quercetin-mediated cytopro-

tection (Fig. 6A). In human lymphocytes, ketoconazole
induced further protection in combination with quercetin
(Fig. 6B). Indomethacin (17) did not affect hydrogen per-
oxide toxicity towards human colonocytes or lympho-
cytes (data not shown).

Discussion

Reactive oxygen species may contribute to the pathology
of ageing and human diseases such as coronary vascular
disease, stroke, cataracts and cancer (9). Epidemiological
studies strongly suggest that antioxidants such as vitamin
E, vitamin C and carotenoids, which are present in fruits
and vegetables, protect against malignant transformation
(10). However, these foods are also an important source
of flavonoids; plant polyphenols which have potent anti-
oxidant propertiesin vitro (8, 23, 28). The average West-
ern diet provides approximately 25 mg of flavonoids per
day (20). Quercetin, the major flavonoid in the human
diet (16 mg/d) is present in a variety of plant-based food-
stuffs and beverages (20). Myricetin occurs in significant
quantities in broad beans, berries and in tea, while

Table 1 The influence of incubation time on quercetin-mediated cytoprotection in Caco-2 cells and human lymphocytes

DNA damage (arbitrary units)

Human lymphocytes Caco-2

Incubation time 30 min 18 hours 30 min 18 hours

Control DMSO) 32.8 ± 1.9 25.8 ± 4.3 24.0 ± 3.4 30.3 ± 2.7
Quercetin 28.5 ± 3.7 22.6 ± 2.5 25.3 ± 1.5 31.4 ± 4.0
H2O2 142.8 ± 9.5 256.4 ± 13.2 220.6 ± 9.8 231.2 ± 12.1
H2O2+Quercetin 57.6 ± 11.8* 209.8 ± 19.2 116.6 ± 8.9* 156.4 ± 11.8*

Cells, treated either for 30 min or 18 h with quercetin (50µM) were exposed to H2O2 (200 µM) for 5 min on ice befor DNA damage
was measured using the comet assay. Results are mean ± SEM (N>4) * P<0.01, where P values refer to differences in DNA strand breakage
between H2O2-treated cells preincubated with or without flavonoid.

Fig. 4 Quercetin-mediated
cytoprotection against H2O2-
induced inhibition of Caco-2
cell (A) and human lymphocyte
(B) growth. Cells were pre-
treated with or without querce-
tin (50 µM) for 30 min before
exposure to H2O2 (200 µM) for
5 min on ice. The cells were
allowed to grow for 7 days.

Cell number and viability were
determined. Results are mean
(SEM (N=4) * P<0.01, where
P values refer to differences in
proliferation between cells
treated with H2O2 in the
presence (Ο) or absence (■) of
quercetin.
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kaempferol is found in berries, tea, and inBrassicaand
Allium species. Quercetin, kaempferol and myricetin ac-
count for 70, 16 and 6%, respectively, of flavonoids in
the average diet, with tea, onions and apples the principal
sources (20). Human exposure to the flavonoids is there-
fore extensive. Certain flavonoids, most notably quer-
cetin, are genotoxicin vitro, increasing the frequency of

revertants in mutagenicity assays, inducing strand break-
age in isolated rat nuclei and increasing chromosomal ab-
errations in mammalian cells, possibly via the generation
of reactive oxygen species (26, 37). We have previously
shown that at high concentrations, dietary flavonoids in-
hibit growth, deplete glutathione, decrease viability and
induce DNA breakage in normal human lymphocytes and
transformed cells (13). However, in this study investigat-
ing the cytoprotective potential of these compounds to-
wards human colonocytes, none of the flavonoids induced
DNA damage. While the absorption and distribution of
dietary flavonoids in man is not yet fully understood,
plasma levels of quercetin reach low micromolar concen-
trations following a single ingestion of onions (22, 32).
Whether flavonoids become concentrated in human tis-
sues or cells is not known. The ability of flavonoids to
protect against oxidant-induced lipid peroxidation or
membrane damage is well documented. Quercetin and
diosmetin decrease tert-butylhydroperoxide- and iron-
mediated lipid peroxidation and cytosolic enzyme release
in isolated rat hepatocytes (28, 41), while hepatic lipid
peroxidationin vivo is reduced by hispidulin (15). How
flavonoids protect against DNA damage and potentially
carcinogenesis is unknown. To date, the ability of fla-
vonoids to act as free radical scavengers, carcinogen inac-
tivators, inhibitors of tumour cell growth, modulators of
DNA repair and inducers of apoptosis have all been pro-
posed as mechanisms.

In our study, both quercetin and myricetin, but not
kaempferol or rutin, protected human colonocytesin vitro
from hydrogen peroxide-mediated DNA strand breakage.
This variable effect is surprising given the similar chemi-
cal structure of quercetin, myricetin and kaempferol. Gen-
eration of the highly reactive hydroxyl radical reaction
close to the DNA molecule via the Fenton reaction is be-
lieved to account for hydrogen peroxide genotoxicity.
Similarly, quercetin prevented inhibition of normal cell
proliferation following exposure to oxidant. Quercetin
also protects against the growth inhibitory effect of reac-
tive oxygen species in Chinese hamster V79 cells (29)

Fig. 5 Quercetin protects
against oxidant-induced DNA
strand breakage but not against
oxidised base damage in Caco-2
cells. Caco-2 cells, pre-treated in
the presence or absence of quer-
cetin (50 µM) for 30 min, were
exposed to H2O2 (200 µM) for 5
min on ice before DNA breakage
(❏), oxidised purines (■, A) and
oxidised pyrimidines (■, B)
were measured using the comet
assay. Results are mean (SEM
(N>4) * P<0.01, where P values
refer to differences in DNA
strand breakage between
H2O2-treated cells preincubated
with or without flavonoid.

Fig. 6 The effect of ketoconazole on quercetin-mediated cytopro-
tection in Caco-2 cells (A) and human lymphocytes (B). Cells, incu-
bated with or without ketoconazole (keto, 50 µM) or quercetin (50
µM) were exposed to H2O2 (200 µM) for 5 min on ice before DNA
damage was measured using the comet assay. Results are mean
(SEM [N>6]) * P<0.0001, where P values refer to differences
between cells treated with H2O2 in the presence or absence of
quercetin and ** P<0.005, where P values refer to differences
between cells treated with H2O2 in the presence or absence of
quercetin and ketoconazole.
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and against oxidant-induced DNA strand breakage in hu-
man lymphocytes (11). Chromosome aberrations and
DNA strand breaks in mouse lymphocytes following ex-
posure to cigarette smoke or oxygen radicals are also de-
creased by dietary flavonoids (18). Protection may be due
to the flavonoids acting as antioxidants. However, oxida-
tive base damage (both oxidised purines and pyrimidines)
was unchanged in the human colonocytes following pre-
treatment with quercetin. It may be that, in addition to
acting as an antioxidant, quercetin protects against hydro-
gen peroxide-induced strand breakage directly, by stabi-
lising the DNA molecule. Consistent with this, quercetin
protects calf thymus DNAin vitro against S1 nuclease
hydrolysis (1). Cytoprotection was maintained when hu-
man colonocytes were incubated with quercetin for 18 h
rather than 30 min. However, protection was lost in hu-
man lymphocytes possibly because, in these cells, the fla-
vonoid was metabolised to a less active compound. To
test this further, lymphocytes and Caco-2 cells were pre-
treated with ketoconazole, a specific inhibitor of CYP3A,
the major P450 found in the human gastrointestinal tract
(16) together with quercetin. This decreased hydrogen
peroxide-induced DNA strand breakage, suggesting that
quercetin may be metabolised by P450 to a less protective
metabolite. Moreover, cytoprotection was at the level
found after 30 min incubation with flavonoid. Caco-2
cells express predominantly CYP3A5. Ketoconazole ef-
fectively inhibits CYP3A5-mediated oxidation in Caco-2
cells (34). In this study inhibiting P450 activity decreased

quercetin-mediated cytoprotection, and indeed induced
DNA strand breakage following treatment of Caco-2 cells
with hydrogen peroxide. This contrasting effect of in-
hibiting P450 activity in lymphocytes and human colono-
cytes may reflect differences in the spectrum or activities
of drug metabolising enzymes in the two cell types, or
variations in flavonoid metabolism. Indomethacin did not
effect protection, indicating that cyclooxygenase is prob-
ably not important in this system. These results suggest
that xenobiotic metabolism, primarily through the P450
Mixed Function Oxidase system, is involved in both the
genotoxic and cytoprotective potential of quercetin. Meta-
bolic activation increases the mutagenicity of quercetin in
the Ames test, but decreases flavonoid-induced sister
chromatid exchanges in human lymphocytes suggesting
that various flavonoid metabolites display different pat-
terns of genotoxicity (36). Similarly, xenobiotic metabo-
lism may, in part, explain differences in cytoprotection.

In conclusion, certain flavonoids protect human
colonocytesin vitro from DNA damage induced by hy-
drogen peroxide. Quercetin, the main flavonoid found in
the human diet, decreases oxidant-induced strand break-
age, but had no effect on oxidative base damage, indicat-
ing that it may be acting other than as a direct antioxi-
dant. P450 metabolism appears to be important in
cytoprotection. These results suggest that dietary poly-
phenols may be important in defending human colono-
cytes against DNA damage.

References

1. Alvi NK, Rizvi RY, Hadi SM (1986)
Interaction of quercetin with DNA.
Bioscience Reports; 60:861–868

2. Baker SS, Baker RD (1993) Caco-2
cell metabolism of oxygen-derived
radicals. Digest Diseas Sci; 38:2273–
2280

3. BrotLaroche E, Matosin M, Mesonero
J, Mahraoui L (1997) Expression and
control of the glucose and fructose
transporters GLUT2, GLUT5, and
SGLT1 in caco-2 cells. Gut 41
(S3):A61

4. Brown MW, Maldonada AL, Meredith
CG, Speeg KV (1985) Effect of ketoco-
nazole on hepatic oxidative drug meta-
bolism. Clin Pharmacol Therapeutics
37:290–297

5. Chirayath MV, Gajdzik L, Hulla W,
Graf J, Cross HS, Peterlik M (1998)
Vitamin D increases tight-junction con-
ductance and paracellular Ca2+ trans-
port in Caco-2 cell cultures. Am J Phy-
siol-Gastrointest Liver Physiol 37:
G389–G396

6. Collins AR, Dusinska M, Franklin M,
Somorovska M, Petrovska H, Fillion L,
Panayiotidis M, Raslova K, Vaughan N
(1997) Comet assay in human biomoni-
toring studies: reliability, validation

and applications. Environm Mol Muta-
genesis 30:139–146

7. Collins AR, Dusinska M, Gedik CM,
Stetina R (1996) Oxidative damage to
DNA: do we have a reliable bio-
marker? Environm Health Perspects
104 (Suppl 3):465–469

8. Cotelle N, Bernier J-L, Catteau J-P, Po-
mery J, Wallet J-C, Gaydou EM (1996)
Antioxidant properties of hydroxy-fla-
vones. Free Rad Biol Med 20:35–43

9. Cross CE, Halliwell B, Borisch ET,
Pryor WT, Ames BN, Saul RL,
McCord JM, Harman D (1987) Oxygen
radicals and human disease. Ann Intern
Med 107:526–545

10. DeCosse JJ, Miller H, Lesser ML
(1989) Effect of wheat fiber and vit-
amins C and E on rectal polyps in pati-
ents with familial adenomatous polypo-
sis. J Natl Cancer Inst 81:1290–1297

11. Duthie SJ, Collins AR, Duthie GG,
Dobson VL (1997) Quercetin and myri-
cetin protect against hydrogen peroxi-
de-induced DNA damage (strand
breaks and oxidised pyrimidines) in
human lymphocytes. Mutation Res
393:223–231

12. Duthie SJ, Johnson W, Dobson VL
(1997) The effect of dietary flavonoids

on DNA damage (strand breaks and
oxidised pyrimidines) and growth in
human cells. Mutation Res 390:141–
151

13. Duthie SJ, Johnson W, Dobson VL
(1997) The effect of dietary flavonoids
on DNA damage (strand breaks and
oxidised pyrimidines) and growth in
human cells. Mutation Res 390:141–
151

14. Duthie SJ, Ma A-G, Ross MA, Collins
AR (1996) Antioxidant supplementati-
on decreases oxidative DNA damage in
human lymphocytes. Cancer Research
56:1291–1295

15. Ferrandiz ML, Bustos G, Paya M, Gu-
nasegaran R, Alcaraz MJ (1994) Hispi-
dulin protection against hepatotoxicity
induced by bromobenzene in mice. Life
Sciences 55:145–150

16. Gervot L, Carriere V, Costet P, Cug-
nenc PH, Berger A, Beaune PH, De
Waziers I (1996) CYP3A5 is the major
cytochrome P450 expressed in human
colon and colonic cell lines. Environm
Toxicol Pharmacol 2:381–388

17. Guarner F, Fremont-Smith M, Prieto J
(1985) Cytoprotective effect of
prostaglandins on isolated rat liver
cells. Liver 5:35–39

S.J. Duthie et al. 33
Dietary flavonoids protect human colonocyte DNA from oxidative attackin vitro



18. Heo MY, Lee SJ, Kwon CH, Kim SW,
Sohn DH, Au WW (1994) Anticlasto-
genic effects of galangin against
bleomycin-induced chromosomal aber-
rations in mouse spleen lymphocytes.
Mutation Res 311:225–229

19. Hertog MGL, Feskens EJM, Hollman
PCH, Katan MB, Kromhout D (1993)
Dietary antioxidant flavonoids and risk
of coronary heart disease: the Zutphen
Elderly Study. Lancet 342:1007–1011

20. Hertog MGL, Hollman PCH, Katan
MB, Kromhout D (1993) Intake of po-
tentially anticarcinogenic flavonoids
and their determinants in adults in the
Netherlands. Nutr Cancer 20:21–29

21. Hertog MGL, Kromhout D, Aravanis
C, Blackburn H, Buzina R, Fidanza F,
Giampaoli S, Jansen A, Menoti A,
Nedeljkovic S, Pekkarinen M, Simic
BS, Toshima H, Feskens EJM, Holl-
man PCH, Katan MB (1995) Flavonoid
intake and long-term risk of coronary
heart disease and cancer in the seven
countries study. Arch Inter Med
155:381–386

22. Hollman PCH, Gaag MVD, Mengelers
MJB, van Trijp JMP, de Vries JHM,
Katan MB (1996) Absorption and dis-
position kinetics of the dietary antioxi-
dant quercetin in man. Free Rad Biol
Med 21:703–707

23. Kawamori T, Tanaka T, Hara A, Yama-
hara J, Mori H (1995) Modifying ef-
fects of naturally-occurring products on
the development of colonic aberrant
crypt foci induced by azoxymethane in
F344 rats. Cancer Res 55:1277–1282

24. Keli SO, Hertog MGL, Feskens EJM,
Kromhout D (1996) Dietary flavonoids,
antioxidant vitamins, and incidence of
stroke. Arch Intern Med 154:637–642

25. Koivisto T, Salaspuro M (1997) Effects
of acetaldehyde on brush border enzy-
me activities in human colon adeno-
carcinoma cells line Caco-2. Alcohol-
ism-Clin Exp Res 21:1599–1605

26. MacGregor JT (1986) Mutagenic and
carcinogenic effects of flavonoids. In:
Liss AR (ed) Plant flavonoids in Biolo-
gy and Medicine: Biochemical, Phar-
macological and Structure-Activity
Relationship. pp 411–424

27. Middleton E (1995) The flavonoids.
Trends Pharmacol Sci; August:335–
338

28. Morel I, Lescoat G, Cogrel P, Sergent
O, Pasdeloup N, Brissot P, Cillard P,
Cillard J (1993) Antioxidant and iron-
chelating activities of the flavonoids
catechin, quercetin and diosmetin on
iron-loaded rat hepatocyte cultures.
Biochem Pharmacol 45:13–19

29. Nakayama T, Yamada M, Osawa T,
Kawakishi S (1993) Suppression of ac-
tive oxygen-induced cytotoxicity by
flavonoids. Biochem Pharmacol 45:
265–267

30. Obermeier MT, White RE, Yang CS
(1995) Effects of bioflavonoids on he-
patic P450 activities. Xenobiotica
25:575–584

31. Parkin DM, Pisani P, Ferlay J (1985)
Estimates of the world-wide incidence
of eighteen major cancers. Int J Cancer
54:594–606

32. Pagana G, Rice-Evans CA (1997) The
identification of flavonoids as glycosi-
des in human plasma. FEBS Letts, pp
78–82

33. Pinto M, Robine-Leon S, Appay M-D,
Kedinger M, Triadou N, Dussaulxx E,
La Croix B, Simon-Assmann P, Haffen
K, Fogh J, Zweibaum A (1983) Ente-
rocyte-like differentiation and polarisa-
tion of the human colon carcinoma cell
line Caco-2 in culture. Biol Cell
47:323–330

34. Raeissi SD, Guo ZY, Dobson GL, Ar-
tursson P, Hidalgo IJ (1997) Compari-
son of CYP3A activities in a subclone
of Caco-2 cells (TC7) and human inte-
stine. Pharmaceut Res 14:1019–1025

35. Ricchi P, Pignata S, Dipopolo A, Me-
moli A, Apicella A, Zarrilli R, Acqua-
viva AM (1997) Effect of aspirin on
cell proliferation and differentiation of
colon adenocarcinoma Caco-2 cells. Int
J Cancer 73:880–884

36. Rueff J, Laires A, Borba H, Chaveca T,
Gomes MI, Halpern M (1986) Genetic
toxicology of flavonoids: the role of
metabolic conditions in the induction
of reverse mutation, SOS functions and
sister-chromatid exchanges. Mutagene-
sis 1:179–183

37. Sahu SC, Washington MC (1991) Ef-
fects of antioxidants on quercetin-indu-
ced nuclear DNA damage and lipid
peroxidation. Cancer Letts 60:250–264

38. Steinmetz KA, Potter D (1991) Vege-
tables, fruit and cancer. Cancer Causes
Control 2:325–357

39. Trock B, Lanza E, Greenwald P (1990)
Dietary fiber, vegetables and colon
cancer: critical review and meta-analy-
ses of the epidemiologic evidence. J
Natl Cancer Inst 82:650–661

40. Venturi M, Hambly RJ, Glinghammar
B, Rafter JJ, Rowland IR (1997) Geno-
toxic activity in human faecal water
and the role of bile acids: a study using
the alkaline comet assay. Carcinogene-
sis 18:2353–2359

41. Villa P, Cova D, De Francesco L,
Guaitani A, Palladini G, Perego R
(1992) Protective effect of diosmetin
on in vitro cell membrane damage and
oxidative stress in cultured rat hepa-
tocytes. Toxicology 73:179–189

42. Webster RP, Gawde MD, Bhattacharya
RK (1996) Protective effect of rutin, a
flavonol glycoside, on the carcinogen-
induced DNA damage and repair enzy-
mes in rats. Cancer Letts 109:185–191

43. Willet W (1989) The search for the
causes of breast and colon cancer. Na-
ture 338:389–394

34 European Journal of Nutrition, Vol. 38, Number 1 (1999)
 Steinkopff Verlag 1999


