Available online at www.sciencedirect.com

SCIENCE@DIHECT° JOURNAL OF
CHROMATOGRAPHY B

I

ELSEVIER Journal of Chromatography B, 802 (2004) 217-223

www.elsevier.com/locate/chromb

Phytoalexin resveratrol attenuates the mutagenicity of the heterocyclic
amines 2-amino-1-methyl-6-phenylimidazo[4pyridine and
2-amino-3,8-dimethylimidazo[4,8§quinoxaline

Antony Boycé®, Johannes Doehm@rNigel J. Gooderha*

@ Molecular Toxicology, Faculty of Medicine, Imperial College London, Sr Alexander Fleming Building, London SW7 2AZ, UK
b GenPharmTox BioTech AG Fraunhoferstrafie 9, D-82152 Martinsried/Planegg, Germany

Abstract

Resveratrol is a phytoalexin, that belongs to a family of naturally occurring stilbenes. It has been reported that resveratrol can inhibit
chemical carcinogenesis in experimental animals and although the mechanisms involved are unknown, an anti-mutagen mechanism has
been proposed. We have explored this hypothesis using mutagenicity assays based on ISabtene | typhimurium) and eukaryotic
cells (Chinese hamster V79 cells). We found resveratrol to be potent in both systems, blocking the mutagenicity of the food-derived hetero-
cyclic amines (HA) 2-amino-3,8-dimethylimidazo[4ffsiuinoxaline (MelQx) and 2-amino-1-methyl-6-phenylimidazo[#]pyridine (PhIP)
at micromolar concentrations. Furthermore, in cells capable of activating 2-amino-1-methyl-6-phenylimidajmjddine to cytotoxic
derivatives, resveratrol was able to attenuate cytotoxicity. Paradoxically, in cells lacking the ability to activate PhIP, resveratroltioséif was
and co-incubation with PhIP reduced this toxicity. Our data confirm the potent anti-mutagenic activity of resveratrol and support its potential
as a chemopreventative.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction bacterial mutagen but PhIP is present at significantly higher
levels in cooked mea{6—8]. PhIP and MelQx both require

A large proportion of human cancers are associated with metabolic activation involving an initial N-oxidation to
diet[1]. Tumours of the breast in females and colon/rectum their N-hydroxy derivative by the liver specific cytochrome
in males are those most commonly linked to dietary habits P4501A2 (CYP1A2) and subsequently esterification to
and in the Western world such cancers have an incidencegenerate their genotoxic specif10]. Other CYPs, in-
second only to that of lung canc§2]. Predisposition to  cluding CYP1Al, CYP3A4, CYP2A3 and CYP1B1 have
colorectal tumours seems to be strongly linked to meat also been found to carry out the oxidative reaction, but
consumption, particularly well-cooked meat produf3s. generally to a much lesser extditl,12] The N-hydroxy
Such foods have been found to contain a number of het- derivatives undergo further bioactivation catalysed by phase
erocyclic amine (HA) compounds that are genotoxic in Il esterification enzymes (e.g. sulphotransferases and acetyl
prokaryotic and mammalian cell$4,5]. 2-Amino-3,8- transferases) to their genotoxic produfds].
dimethylimidazo[4,5]quinoxaline (MelQx) and 2-amino- Resveratrol is a phytoalexin, that belongs to a family of
1-methyl-6-phenylimidazo[4,B]pyridine (PhIP) are two  naturally occurring stilbenes, and has been observed in a
food-derived HA pro-mutagens, each reported to accountnumber of Spermatophyta, of which grapes, peanuts and
for approximately 20% of the total mutagenicity (Ames test) pines belong. It is also a member of a group of chemicals
of cooked beef6]. Of the two, MelQx is the more potent known as the viniferins, whose role in plant physiology

is to combat fungal infection$l4]. Red wine contains
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the carcinogenesis process at the initiation, promotion and2.4. Treatment of cells
progression stages and decreases tumour growth in a rat
model[14]. Furthermore, red wine based supplements have Cells were maintained in exponential growth, in
been shown to delay the onset of tumours in transgenic miceDulbecco-Vogt's modified Eagle medium supplemented
[16]. This may be in part due to its anti-oxidant activiy] with HAT (5 x 10~° M hypoxanthine, 4 10~/ M aminopter-
and in part due to its inhibitory actions on the cell cycle ine and 5x 10~ M thymidine) to reduce the background
[17,18] hprt~ mutation rate. When using engineered cell lines,
In this investigation we set out to explore the hypothesis G148 solution (u.g/ml) was added to the medium to select
that resveratrol was anti-mutagenic and examined the effectsfor cells containing the transfected plasmid. Twenty-four
of the compound on the cytotoxicity and mutagenicity of the hours before treatment,3x 10° cells in exponential growth
cooked-meat derived HA’s, MelQx and PhIP. Since MelQx were seeded into 75 dmissue culture flasks in fresh cul-
is a powerful bacterial mutagen, we examined the effects of ture medium. Following this the cells were exposed to PhiP,
resveratrol using th&lmonella typhimurium mutagenicity resveratrol or a combination of the two (prepared in anhy-
assay and since PhIP is a potent mammalian cell mutagendrous dimethyl sulphoxide [DMSO] to give a final DMSO
we used a Chinese hamster V79 cell based mutagenicityconcentration of<0.5%); cells treated with vehicle only
assay withhprt gene as target. (DMSO) were used as control. At the end of the treatment
(after 24 h), the cells were washed with Hank’s balanced
salt solution twice and with phosphate buffered saline (PBS)
2. Experimental once, trypsinised, counted, and split into two groups for
assessment of colony forming ability and mutation.
2.1. Chemicals
2.5. V79 Cell survival (colony forming ability)
PhIP, MelQx and 3,8-dimethyl-2-nitroimidazo[4ffui-
noxaline (nitro-MelQx) were purchased from Toronto Cells were seeded at a density of 100 cells per well in 5ml
Research Chemicals Inc. (Toronto, Canada). Dulbecco’s of fresh medium (DMEM) and incubated as before at@7
modified Eagle medium (DMEM) and fetal bovine serum for 7-10 days after which the medium was discarded and
were from Gibco BRL (Paisley, UK). All other reagents the wells flooded with methylene blue in 50% methanol to

were from Sigma Chemical Co. (Poole, UK). stain cells. Colonies that contained more than 50 cells were
counted and scored as survivors. The cloning efficiency for
2.2. Ames test the cells from the DMSO group ranged from 50 to 70%.

The AmesS. typhimurium bacterial mutagenicity testwas  2.6. V79 Cell mutagenicity studies
used as described previougliO]. Nitro-MelQx was used
as a direct acting positive control. In some experiments Cells were seeded in to 25 értissue culture plates con-
metabolic activation was employed using mouse liver mi- taining fresh medium (DMEM) and maintained in exponen-
crosomes or rat liver S9 and an NADPH regenerating sys- tial growth for 7 days to facilitate phenotypic expression of
tem. To investigate the effect of resveratrol on the growth hprt~ mutants. After 7 days, cells were trypsinised, counted
of bacteria, resveratrol (1-10Q0/) was incubated with a  and seeded at 250,000 cells/10cm petri dish (a minimum

suspension o8. typhimurium TA98 (1(° cells/ml) at 37°C. of 10° cells per treatment), in fresh medium containing
Cell growth was estimated by measuring the absorbance at6-thioguanine (6-TG, p.g/ml). Resistance to the lethal ef-
660 nm. fect of 6-TG was used to select foprt™ mutant clones. Af-

ter 2 weeks growth, the medium was discarded and the petri
2.3. Cdl lines dishes were flooded with methylene blue (in 50% methanol)

and stained colonies that contained more than 50 cells were
The Chinese hamster fibroblast V79 cell line (V79MZ) scored as mutants.

and the genetically engineered variants with stable ex-
pression of human CYP1A2 and 1B1 (V79MZh1A2 and
V79MZh1B1, respectively) were as previously described 3. Results
[19]. The V79MZ and V79h1A2 cell lines were cultured in
DMEM supplemented with 10% fetal bovine serum, 2mM 3.1. Effect of resveratrol on MelQx mediated bacterial
L-glutamine, 100 IU/ml penicillin and 100g/ml strepto- mutagenicity using S. typhimurium TA98
mycin. The V791B1 cell line was cultured in high glu-
cose DMEM supplemented with 10% fetal bovine serum,  Resveratrol showed a clear dose-dependent inhibition of
100 IU/ml penicillin and 10Qug/ml streptomycin. All cell liver mediated MelQx (10 ng per plate) induced mutation
lines were maintained at 3T in a humid atmosphere with  (Fig. 1). The absolute number of histidine independent
5% carbon dioxide 95% air. S typhimurium mutant colonies was much higher using
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Fig. 1. Effect of resveratrol on the mutagenicity of MelQx (10 ng/plate) Time (h)

in S typhimurium TA98. The values are means of two separate exper-
iments and are expressed as percent of control (no resveratrol). Using Fig. 2. Effect of resveratrol on the growth &f typhimurium TA98.
rat liver S9, the MelQx (10ng/plate) control generated an average of
262 mutant colonies. Using mouse liver microsomal protein, the MelQx

(10 ng/plate) control generated an average of 1036 mutant colonies. At 3.3. Effect of resveratrol on PhlP-induced cytotoxi city in
all concentrations tested, resveratrol on its own failed to induce mutation mammalian cdls

above the background spontaneous rat2Q revertant colonies per plate).
In the absence of metabolic activation, MelQx failed to induce muta- o )
tion (<20 revertant colonies per plate) whereas the direct acting mutagen  The effect of resveratrol on PhIP toxicity is shown in

nitro-MelQx (10 ng/plate) induced 18@856 revertant colonies per plate.  Fig. 4. The food-derived HAs require metabolic activation
before they form genotoxic and cytotoxic derivatives, thus,

mouse liver microsomal activation compared to the rat liver the cytotoxicity of PhIP to the V79h1A2 cells was not un-
S9. This is consistent with previous studies with MelQx expectedkig. 43. The effect of PhIP was dose-dependent
in our laboratory. Irrespective of the source of activation, With colony survival inhibited by over 50% (of control
at 100uM resveratrol, inhibition of MelQx induced muta- ~ value) by 50.M PhiP, increasing to 70% with 1g0M PhIP.
tion was approximately 40% of the control valugd. 1). Interestingly, the potent cytotoxicity of the positive control,
In the absence of a metabolic activation system, MelQx EMS (100uM) was apparently unaffected by resveratrol.
failed to induce mutation<20 revertant colonies per plate), N contrast, when PhIP was incubated with the metaboli-
whereas the direct acting nitro-MelQx (10 ng/plate) gen- cally non-competent V79MZ cells, there was no significant
erated 1808 38 revertant colonies per plate. On its own, reduction in colony survival at PhIP concentrations up to
resveratrol, in the presence or absence of a metabolic activa-100»M, confirming that in the absence of metabolic acti-
tion system, failed to induce the mutation frequency above Vation, PhIP was not cytotoxid={g. 49. Exposing cells to
background €20 revertant colonies per plate). At high con- resveratrol (1qM) for 24 h had little effect on V79h1A2
centrations of resveratrol (>1 mM), inhibition of activated Cell viability, as measured in the clonogenicity assay
MelQx mutation was >75%. This effect at high concentra- (Fig. 49. Yet co-incubation with cytotoxic concentrations
tion prompted us to examine the effect of resveratrol on

bacterial cell growth. Growth curves witB typhimurium 100000
confirmed that at doses of resveratrol >1 mM, growth was T
almost completely inhibited, whilst at concentrations of up
to 100nM, the effect on growth was minimakF{g. 2).

75000+

3.2. Effect of resveratrol on growth of V79 cells
50000+

Fig. 3 shows the effect of resveratrol on the growth of
V79h1A2 cells. The cells were maintained in the presence
of resveratrol for 3 days, then growth was assessed by count-
ing cell density. At the highest concentration of resveratrol *
used (100QuM resveratrol), the cell count was massively re- 0 ’l‘
duced, compared to the DMSO control. Inhibition of growth 0.0 1.0 10.0 1000  1000.0
was also noted at the 10 and 08I resveratrol concentra- resveratrol concentration (KM)
tions, W_h'Ch after 3 days dropped to 50 and 12% of control, Fig. 3. The growth of V79h1A2 cells cultured in the presence resveratrol
respectively. We therefore used (1D resveratrol concen-  for 3 days. Values are the meanS.E.M., n = 3 separate experiments.
trations in subsequent experiments. * P < 0.05 when compared to DMSO control.

25000 *

Cell density (cells/ cm?2)
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of PhIP significantly prevented PhIP-mediated toxicity (Fig. 49. Thus, in V79MZ and V79h1A2 cells, resveratrol
(Fig. 49. Paradoxically, incubations with resveratrol for and PhIP appear to mutually antagonise toxicity.
24 h was apparently toxic to V79MZ celli@. 40, and yet In some experiments we used V79h1B1 cells. These
when co-incubated with PhIP, the toxic effect was reduced have been engineered to express human CYP1B1. Like
(Fig. 49. Indeed at 10Q.M PhIP/10uM resveratrol, colony ~ CYP1A2, it is claimed that CYP1B1 can both activate and
survival was significantly enhanced in the V79MZ cell line detoxify PhIP by competing metabolic pathwajl,22]

In our experiments there was no cytotoxicity noted in the

V79h1B1 cells incubated with PhIP for 24 Ri¢. 4b). Even

at concentrations as high as 3081, where a 70% reduction

I without resveratrol in colony survival was observed in V79h1A2 cells, there
120~ C—Jwith resveratrol was no evidence of toxicity in V79h1B1 cells. On its own,
11 L :|_ 10uM resveratrol had no significant effect on V79h1B1
3 1009 T + colony survival, however when PhIP (10/10®) and
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Fig. 4. Colony survival of V79 cells after treatment with PhIP or PhIP and Fig. 5. Induction of mutation to 6-thioguanine resistance in V79 cells
resveratrol (LguM) for 24h at 37C. (a) V79h1lA2 cells, (b) V79h1B1 treated with PhIP or PhIP and resveratrol (1) for 24 h at 37°C. (a)

cells and (c) V79MZ cells. The cells were plated immediately after V79h1A2 cells, (b) V79h1B1 cells and (c) V79MZ cells. Frequencies of
treatment and colonies scored after 7 days as described in chapter 36-TG mutants are corrected for the background mutant frequency. Bars
section. Bars are standard deviation for three separate experiments eactare standard deviation for three separate experiments each performed in
performed in triplicate. P < 0.05 when compared to no PhIP control. triplicate. *P < 0.05 when compared to no PhIP contret.P < 0.05

+P < 0.05 when compared to PhIP alone. when compared to PhIP alone.
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resveratrol (1QuM) were incubated together colony survival that the inhibition of mutation observed in the bacterial
increased significantly (2.5-fold) over the control value cells at concentrations<100pM was not an inhibitory
(Fig. 4b. action on cell growth but an attenuation of the mutation
process.

Previous reports have shown that the heterocyclic amines
are well absorbed and bioavailable in humgg8—-25]
and oxidation of the compounds by human CYP1A2 can

The positive control, EMS, is a direct acting mutagen efficiently produce N-hydroxy derivatives. Subsequent
that showed a powerful mutagenic resporiSig.(59. Like metabolic esterification generates potent DNA damaging
PhIP-induced cytotoxicity, PhIP-induced mutation was de- specieg13]. In this study we used three Chinese hamster
pendent on a functional activation system. Dose-dependentvV79 cell lines, one of which was metabolically incom-

3.4. Effect of resveratrol on PhlP-induced mutagenicity in
mammalian cells

genotoxicity was evident when PhIP (5+1Bl) was in-
cubated with V79h1A2 cellsKig. 59, presumably due to
oxidation of the HA to its genotoxic NOH-derivative by
the human CYP1A2. In the absence of functional CYP1A2
(V79MZ cells, Fig. 59, PhIP itself was not mutagenic.

petent (V79MZ), one that stably expressed transfected
human CYP1A2 (V79h1A2) and the other expressed hu-
man CYP1B1 (V79h1B1). Both of these enzymes have
been shown to bioactivate the heterocyclic amines includ-
ing PhIP[20]. Of the three lines used, V79h1A2 were the

As previously indicated, CYP1B1 has been reported to be most susceptible to the cytotoxic and genotoxic effects of

able to metabolise PhIP to both it€4DH-PhIP genotoxic

PhIP. This confirmed the requirement to metabolically acti-

derivative and also to the 4-OH detoxication product. Sur- vate PhIP to toxic species while the mutagenic potency of
prisingly however, when PhIP was incubated with V79h1B1 PhIP in these cells was consistent with the notion that hu-
cells expressing the human form of CYP1B1, a mutagenic man CYP1A2 was particularly efficient at catalysing these

response was not observeed. 5. These results suggest

that either this cell line had a poor ability to bioactivate
PhIP to toxic species or alternatively that the cell line may
have had a more efficient detoxication activity (4-OH PhIP
derivative), or a combination of the two.

On its own, resveratrol did not induce mutation in
V79h1A2 nor in V79h1B1 cells, although a marginal effect
was apparently found with the V79MZ cellBi§. 59. More
importantly, treatment of V79h1A2 cells with 1AM resver-
atrol appeared to promote extensive inhibition of mutation
throughout the PhIP concentration range (5181, sug-

reactions.

In the V79h1A2 cell line there was a dose-response rela-
tionship for both decreased colony survival and increasing
mutagenicity due to PhIP, consistent with the report by
Yadollahi-Farsani et al.[5]. The mechanism of PhIP in-
duced cytotoxicity is not clear from these experiments but
may be explained by the ability of PhIP to accumulate ge-
netic damage during S-phase arrest of the cell and induce
apoptosis[26,27] Similar biochemical effects have also
been observed in colonic epithelium in viy@8]. It has
been suggested that there may be a correlation between the

gesting that the compound possesses potent anti-mutagenipotential for the induction of apoptosis and induction of car-
activity. Remarkably, in contrast to the lack of effect of cinogenesis. Because there is abundant evidence showing
resveratrol on EMS cytotoxicity, the compound was ex- that PhIP is a powerful carcinogen in animal models, the
tremely effective at inhibiting the potent mutagenicity of apoptotic pathway may be central to the cytotoxic effects

EMS (Fig. 59.

4, Discussion

of the heterocyclic amines.

In contrast to the V79h1A2 cells, colony forming abil-
ity was not compromised when high concentrations of PhIP
(100pM) were incubated with V79h1B1 cells. Despite re-
ports suggesting that CYP1B1 can activate PhIP to toxic

It has previously been shown that resveratrol can suppressderivatives[21] our data show that the efficiency of the

the induction of mutation by 3-amino-1, 4-dimethyl-5H-pyri-
dol[4,3-b]indole (Trp-P-1) in the Ames assay usiy

typhimurium TA98 [22] and we now show that the phy-
toalexin can also inhibit MelQx mediated mutation of
S typhimurium TA98. The present mammalian cell ex-

V79h1B1 cells to activate PhIP was low, or the detoxication
pathway to 4-hydroxy PhIP (also catalysed by CYP1B1)
predominated.

The apparent selective inhibition of colony survival in-
duced by resveratrol in V79MZ and V79h1B1 cells con-

periments extend the established anti-mutagenic effect oftrasted to the lack of effect with V79h1A2 cells. It may
resveratrol to eukaryotic systems, however the mechanismbe possible that CYP1A2 was metabolising resveratrol to
of inhibition is still unclear. Conventional mutation tests like non-toxic species, however several lines of evidence sug-
those outlined above cannot distinguish between chemicalsgest that this is not the case. Resveratrol has a poor affinity
that inhibit DNA-adduct formation (blocking agents) and for the human form of CYP1A2 (IC5G= 1.2 mM) [29].
those that suppress mutant colony promotion (suppressingFurthermore, the cytotoxicity induced by resveratrol in
agents). However in toxicity studies with typhimurium gingival epithelial S—-G cells was not altered by the addi-
TA98, we determined that only high resveratrol concentra- tion of aroclor-induced rat hepatic S9 microsomal fractions
tions (100QuM), inhibited bacterial growth. This suggests to incubateq30], suggesting that CYP enzymes have no
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effect on the biological properties of the compound. In- trol. As such mechanisms are central to the tumorigenesis
terestingly prolonged incubation of V79h1A2 cells with process, studies that investigate the potential of resveratrol
10uM resveratrol for three days produced a decrease into act as a chemoprotective are warranted.

growth suggesting that resveratrol cytotoxicity may re-

quire time to emerge. Additionally, it should be noted

that resveratrol itself can be oxidatively metabolised to Acknowledgements
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