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Abstract

The consumption of organic tomatoes (ORTs) reduces the risk of harmful effects to humans and the environment
caused by exposure to toxic agrochemicals. In this study, we used the somatic mutation and recombination test
(SMART) of wing spots in Drosophila melanogaster to evaluate the genotoxicity of ORT and the effect of cotreatment
with ORT on the genotoxicity of Doxorubicin® (DXR, a cancer chemotherapeutic agent) that is mediated by free radi-
cal formation. Standard (ST) cross larvae were treated chronically with solutions containing 25%, 50% or 100% of an
aqueous extract of ORT, in the absence and presence of DXR (0.125 mg/mL), and the number of mutant spots on the
wings of emergent flies was counted. ORT alone was not genotoxic but enhanced the toxicity of DXR when adminis-
tered concomitantly with DXR. The ORT-enhanced frequency of spots induced by DXR may have resulted from the
interaction of ORT with the enzymatic systems that catalyze the metabolic detoxification of this drug.
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Introduction

Pesticides have been used increasingly in agriculture,

and today more than 1,000 chemicals are classified as pesti-

cides. Because large quantities of these chemicals are re-

leased into the environment every day and many of them

affect non-target organisms, they pose a potential risk to

human health (Zeljezic and Garaj-Vrhovac, 2001). Ren et

al., (2001) demonstrated that some vegetable varieties cul-

tivated without pesticides and with organic fertilizer offer

more protection against several mutagenic compounds than

cultivated vegetables in general. According to Abreu and

Stoltenborg (1998), organic agriculture is a production sys-

tem committed to health, ethics, and the preservation of na-

ture. This system makes intelligent use of natural resources,

traditional methods and the most advanced ecological tech-

nologies.

Doxorubicin hydrochloride (Doxorubicin®; DXR) is

a potent antitumor agent that is used to treat various types of

human cancer because of its capacity to genetically damage

tumor cells from laboratory animals and humans (Gentile et

al., 1998). The antitumor activity of DXR is mediated its

ability to stimulate the formation of a variety of free radical

species (Keizer et al., 1990). Using Drosophila

melanogaster as a test organism, Costa and Nepomuceno

(2006) found that DXR induces mutations in the somatic

mutation and recombination test (SMART) assay and that

antioxidant vitamins (vitamins C, E, and �-carotene) and

polyminerals (copper, selenium, and zinc) protect against

the genotoxicity of this drug.

Nutritional therapy with antioxidants administered

concomitantly with antineoplasic drugs offers several ben-

efits in the treatment of cancer patients. The use of antioxi-

dant vitamins such as A, E, and C mitigates the side effects

associated with antiblastic drugs and has a beneficial effect

on the course of treatment since the toxicity of antineo-

plastic drugs is a limiting factor in this type of therapy.

Antioxidant-based nutritional therapy can therefore be a

valuable adjuvant during oncological therapy by improving

the control of cancer (Santos and Cruz, 2001). In this con-

text, the consumption of tomatoes and tomato products is

considered a nutritional indicator of good eating habits and

a healthy life style because of the presence of different anti-

oxidant molecules such as carotenoids, particularly lyco-

pene, ascorbic acid, vitamin E and phenol compounds,

particularly flavonoids (George et al., 2004).

In this study, we used the D. melanogaster wing spot

test to examine the effects of an extract of agrochemi-

cal-free organic tomato (ORT) on the genotoxicity of DXR.

Materials and Methods

Chemicals

Doxorubicin® ((8S-cis)-10-[(3-amino-2,3,6,-trideoxy-al-

pha-lyxohexapyranosyl)oxy]-7,8,9,10-tetrahydro-6,8,11-
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trihydroxy-8-(hydroxyacetyl)-1-ethoxy5,12 naphthalene-

dione; DXR; MW 580.0; C27H29NO11.HCl) (CAS

23214-92-8) was supplied by Laboratório Eurofarma Ltda.

(São Paulo, SP, Brazil) and was used at a concentration of

0.125 mg/mL. Each bottle supplied by the manufacturer

contained 10 mg of lyophilized DXR.

Preparation of organic tomatoes

Organic tomatoes were donated by Santa Teresa do

Alto farm (Itupeva, SP, Brazil). The fresh fruit was washed,

weighed, made into a juice, and aqueous extracts were pre-

pared as described by Ito et al. (1986). Briefly, the fruits

were processed in a domestic blender (Black & Decker®

SB30T) and the juice was filtered through gauze to obtain

pure extract (100% ORT extract). Water was added to

100% ORT extract obtained from 100 g of fruit to provide

dilutions containing 25% and 50% of extract.

Stock strains of Drosophila melanogaster

The somatic mutation and recombination detection

test (SMART) on Drosophila melanogaster wing cells was

used to determine the genotoxicity of ORT extract alone

and in association with DXR. The mutant strains of D.

melanogaster (flr, flare; mwh, multiple wing hairs; TM3,

Third Multiple3 Beaded Serrate) were supplied by Dr.

Ulrich Graf of the Institute of Pharmacology and Toxicol-

ogy, University of Zurich, Schwerzenbach, Switzerland.

The strains were kept in 250 mL jars containing Drosophila

culture medium (820 mL water, 25 g biological yeast

(Saccharomyces cerevisiae), 11 g agar, 150 g banana, and

1 g nypagin).

Virgin flr3/In(3 LR)TM3, ri pp sep l(3)89 Aa bx34e and

Bds females were crossbred with mwh/mwh males, referred

to as the standard (ST) cross (Graf et al., 1996). This cross

was used to generate flies with marked heterozygotes (MH:

mhw + / + flr3).

Egg collection

Eggs from the ST offspring were collected over an 8 h

period and placed in flasks containing solid agar (3% agar

in water) and a layer of S. cerevisiae supplemented with

saccharose. After 72 � 4 h the larvae were washed in dis-

tilled water and collected with a fine mesh sieve.

Experimental procedure

Third-stage ST larvae were placed in glass jars

(2.5 cm diameter x 8.0 cm high) containing 1.5 g of instant

potato purée medium (HIKARI®; São Paulo, SP, Brazil)

and 5 mL of aqueous ORT extract, with or without DXR

(0.125 mg/mL). A positive control was treated with DXR

alone, and a negative control was treated with distilled wa-

ter. The larvae were exposed for approximately 48 h, dur-

ing which time they moved up the walls of the jars as they

progressed to the pupal stage.

Microscopic analysis

Emerging adults with the genotype mwh +/+ flr3 were

collected and preserved in 70% ethanol. The wings were re-

moved from the flies by using entomological pincers and an

Olympus stereoscopic microscope, and then mounted on

slides and covered with coverslips using Faure solution

(30 g gum arabic, 20 mL glycerol, 50 g chloral hydrate,

50 mL water). The dorsal and ventral sides of the wings

were examined with an Olympus light microscope at 400X

magnification to identify single (flr3 or mwh phenotype) or

twin (flr3 and mwh phenotypes) clones. The size of the

clones or spots (number of cells affected) was recorded, as

was the type of clones (single mwh or flr3 and twin clones),

since there is a correlation between the time of induction of

the genetic lesions and the final size of the clones (Graf et

al., 1984).

Statistical analysis

Statistical analysis of the genotoxicity of ORT was

done using the test described by Frei and Würgler (1988).

For treatment combinations, the Mann-Whitney-Wilcoxon

U test (Frei and Würgler, 1995) was used to compare the

frequency of each type of spot per fly in the treated flies

compared with the negative control, and the frequency of

spots in ORT + DXR flies compared to flies treated with

DXR alone. A value of p � 0.05 indicated significance.

Results and Discussion

Table 1 shows the frequencies of mutant spots in the

trans-heterozygote markers (MH) of ST flies, the larvae of

which had fed on ORT extract, DXR or different concentra-

tions of aqueous ORT extract with DXR. Feeding on me-

dium containing up to 100% ORT did not significantly

increase in any class of spots (single small, single large,

twin and total spots) when compared with the negative con-

trol. In contrast, DXR (0.125 mg/mL) significantly in-

creased the frequency of all classes of spots (p = 0.05). The

increase in twin spots indicated that DXR was recom-

binogenic. The recombinogenic activity of DXR in somatic

cells of D. melanogaster has also been reported by

Lehmann et al. (2003), Rodriguez-Arnaiz et al. (2004) and

Costa and Nepomuceno (2006). Concomitant treatment

with ORT extract and DXR significantly increased the fre-

quencies of single small, single large, twin and total spots in

larvae fed medium containing 50% or 100% ORT extract

plus DXR than in larvae fed medium containing DXR

alone; the increases with medium containing 25% ORT ex-

tract were not significant (Table 1).

The increases in spot frequency indicated that ORT

extract potentiated the genotoxicity of DXR. This poten-

tiation interfered with the relationship between the forma-

tion of clones (mwh and flr3) and the age of the developing

fly. Imaginal discs are tissues that grow continually by mi-

totic division throughout larval development. At the begin-
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ning of development, the discs that make up the wings

consist of 50-100 cells and reach approximately 25,000

cells by the beginning of the pupal stage, when wing differ-

entiation begins (Graf, 1995). Continual cellular prolifera-

tion during larval development leads to an increase in the

number of target cells in the imaginal disc. In contrast, the

size of the induced clones is expected to diminish as the age

at which they are induced increases.

There is a clear connection between the time of induc-

tion, the frequency of spots and the size of the mutant

clones. Few spots are formed in young larvae because the

target cell population is small, but they are generally large

in size because they have time to expand; in contrast, the

frequency of spots in older larvae is considerably higher but

the spots are smaller (Costa and Nepomuceno, 2003). As

shown here, the ORT-mediated potentiation of DXR geno-

toxicity resulted in a larger number of spots. Frei and

Würgler (1996) reported that large mutant cell clones in-

duced by camptothecin (a DNA topoisomerase inhibitor)

can result from the merger of small contiguous clones. This

possibility was also discussed by Torres et al. (1998),

Nepomuceno (Nepomuceno JC, PhD thesis, Universidade

de Brasília, Brasília, DF, Brazil, 1999) and Valadares (Va-

ladares BLB, MSc dissertation, Universidade Federal de

Uberlândia, Uberlândia, MG, Brazil, 2002). Hence, co-ge-

notoxicity can increase the frequency of small and large

clones.

There was an increase in large spots containing

17-32, 33-84 and 85-128 cells in the descendants of larvae

treated concomitantly with ORT and DXR (Figure 1). This

distribution of large spots was not seen in the descendants

of larvae treated only with DXR. This finding indicated that

co-treatment with ORT and DXR increased the geno-

toxicity of DXR and allowed the emergence of a greater

number of large and small mutant spots, as proposed by

Frei and Würgler (1996).

The mechanisms whereby ORT increases the geno-

toxicity of DXR were not analyzed directly here. However,

the major DXR metabolite is doxorubicinol, produced via a

cytosolic carbonyl reductase-catalyzed reduction of the

ketone at C-13 of the parent drug. The main enzyme impli-

cated in this reduction is NADPH:cytochrome P450 reduc-

tase, a flavoprotein that catalyzes the one electron reduction

of DXR to the semiquinone radical; the latter is cytotoxic in

hypoxic environments through its ability to covalently

modify cellular macromolecules. Under aerobic condi-

tions, the semiquinone radical undergoes redox cycling,

leading to the generation of reactive oxygen species (ROS)

such as superoxide anion, hydrogen peroxide and hydroxyl

radical. The resulting oxidative stress contributes to the

cytotoxicity of DXR and is particularly important in the

dose-limiting cardiotoxicity associated with this and other

anthracyclines (Riddick et al., 2005). Interestingly, cyto-

chrome P450 also plays a role in a DXR detoxification

pathway involving reductive deglycosylation to a 7-deo-

xyaglycone metabolite (Niitsu et al., 2000).

Based on these observations, one possible mecha-

nism of action for the ORT extract could be via interaction

with the enzyme systems that catalyze the metabolic detox-

ification of DXR. Cytochrome P450 enzymes may be

inhibited by the ORT extract, thereby reducing the detoxifi-

cation of DXR. Lehmann et al. (2000) hypothesized a simi-

lar mechanism to account for an increase in the frequency

of mutant spots in D. melanogaster larvae co-treated with

tannic acid (a phenolic compound found in foods), methyl-

methanesulfonate and nitrogen mustard. Tomatoes contain

phenolic compounds (Peng et al., 2008). Teel and Huynh

(1998) reported that the enzymatic activity of cytochrome

P450 can be altered by phytochemicals and that phyto-

chemicals can affect the metabolism of substrates for these

enzymes. Many vegetables and fruits are important inhibi-

tors of cytochrome P450 (Farhan and Cross, 2002;
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Table 1 - Frequency of mutant spots observed in standard (ST) cross trans-heterozygote markers of D. melanogaster treated with doxorubicin (DXR) in

the absence and presence of organic tomato extract (ORT).

Series Spots per fly (n. of spots); stat. diagnosesa

DXR (mg/mL) ORT (%) N. of flies Small single

spots (1-2 cells)b

Large single

spots (> 2 cells)b

Twin spots Total spots Spots with mwh

clone c

0 0 40 0.45 (18) 0.13 (05) 0.05 (02) 0.63 (25) 23

0 25 40 0.30 (12) ns 0.13 (05) ns 0.05 (02) ns 0.48 (19) ns 19

0 50 40 0.48 (19) ns 0.05 (02) ns 0.05 (02) ns 0.58 (23) ns 23

0 100 40 0.45 (18) ns 0.10 (04) ns 0.03 (01) ns 0.58 (23) ns 23

0.125 0 40 2.40 (96) 1.73 (69) 1.43 (57) 5.55 (222) 200

0.125 25 40 2.78 (111) ns 2.00 (80) ns 1.63 (65) ns 6.40 (256) ns 243

0.125 50 40 4.40 (176)* 4.23 (169)* 3.05 (122)* 11.68 (467)* 418

0.125 100 40 5.10 (204)* 3.15 (126)* 3.00 (120)* 11.25 (450)* 425

aStatistical diagnoses according to Frei and Würgler (1995) with a two-tailed U-test. *p � 0.05; ns, not significant.
bIncluding rare flr3 single spots.
cConsidering mwh clones from single and twin mwh spots.



McFadyen et al., 2004; Girennavar et al., 2007), primarily

through their content of phenolic compounds (Lehmann et

al., 2000).

Lycopene, a carotenoid with potent antioxidant prop-

erties (Heber and Lu, 2002), occurs in many fruits and veg-

etables, with high concentrations in tomatoes. Tomatoes

are also rich in vitamins, particularly provitamin A (735-

1270 UI/100 g), as well as vitamin C or ascorbic acid

(15-23 mg), vitamin B1 and riboflavin or vitamin B2 (Ama-

ra-Mokrane et al., 1996). These vitamins interfere with free

radicals and other reactive metabolites generated by DXR,

thereby decreasing the genotoxicity of this drug (Amara-

Mokrane et al., 1996; Antunes and Takahashi, 1998; Costa

and Nepomuceno, 2006; Fragiorge et al., 2007). However,

the complex chemical composition of tomatoes (Peng et

al., 2008) means that the component(s) responsible for en-

hancing the mutagenic and recombinogenic activity of

DXR remain to be identified.

In conclusion, aqueous extracts of organic tomato

contain one or more components capable of potentiating

the genotoxicity of DXR. Additional studies are required to

identify the tomato component(s) responsible for this activ-

ity.

Acknowledgments

We thank Dr. Robert H. Heflich (Division of Genetic

and Reproductive Toxicology, Food and Drug Administra-

tion, National Center for Toxicological Research, Jeffer-

son, AR) for critical reading of the manuscript. This study

was funded by the Brazilian agencies CAPES, CNPq and

FAPEMIG under the auspices of the Federal University of

Uberlândia.

References

Abreu JR and Stoltenborg H (1998) A agricultura orgânica e o

mercado de frutas e hortaliças orgânicas: Panorama mundial

e situação no estado de São Paulo. Agricultura Biodinâmica

80:9-14.

Amara-Mokrane YA, Lehucher-Michel MP, Balasard G, Dume-

nil G and Botta A (1996) Protective effects of alpha-hederin,

chlorophyllin and ascorbic acid towards the induction of

micronuclei by doxorubicin in cultured human lympho-

cytes. Mutagenesis 11:161-167.

Antunes LMG and Takahashi CS (1998) Effects of high doses of

vitamins C and E against doxorubicin-induced chromoso-

mal damage in Wistar rat bone marrow cells. Mutat Res

419:137-143.

Costa WF and Nepomuceno JC (2003) Efeito protetor do chá de

cogumelo do sol (Agaricus blazei Murill) contra a ação

genotóxica do uretano em células somáticas de Drosophila

melanogaster. Rev Ciênc Farma 24:153-158.

Costa WF and Nepomuceno JC (2006) Protective effects of a mix-

ture of antioxidant vitamins and mineral on the genotoxicity

of doxorubicin in somatic cells of Drosophila melanogaster.

Environ Mol Mutagen 47:18-24.

Farhan H and Cross HS (2002) Transcriptional inhibition of

CYP24 by ginestein. Ann NY Acad Sci 973:459-462.

Fragiorge EJ, Spanó MA and Antunes LMG (2007) Modulatory

effects of the antioxidant ascorbic acid on the direct geno-

toxicity of doxorubicin in somatic cells of Drosophila

melanogaster. Genet Mol Biol 30:449-455.

Frei H and Würgler FE (1995) Optimal experimental design and

sample size for the statistical evaluation of data from so-

matic mutation and recombination tests (SMART) in

Drosophila. Mutat Res 334:247-258.

Frei H and Würgler FE (1996) Induction of somatic and recombi-

nation by four inhibitors of eukaryotic topoisomerases as-

sayed in the wing spot test of Drosophila melanogaster. Mu-

tagenesis 11:315-325.

136 Dutra et al.

Figure 1 - Size distributions for single spots after chronic treatment with different concentrations of organic tomato extract (ORT) and Doxorubicin®

(DXR). Larvae from standard (ST) cross.



Frei H and Würgler FE (1988) Statistical methods to decide

whether mutagenicity test data from Drosophila assays indi-

cate a positive, negative or inconclusive result. Mutat Res

203:297-308.

Gentile JM, Rahimi S, Zwiesler J, Gentile GJ and Ferguson L

(1998) Effect of selected antimutagens on the genotoxicity

of antitumor agents. Mutat Res 402:289-298.

George B, Kaur C, Khurdiya DS and Kapoor HC (2004) Antioxi-

dants in tomato (Lycopersicon esculentum) as a function of

genotype. Food Chem 84:45-51.

Girennavar B, Jayaprakasha GK and Patil BS (2007) Potent inhi-

bition of human cytochrome P450 3A4, 2D6, and 2C9 isoen-

zymes by grapefruit juice and its furocoumarins. J Food Sci

72:417-421.

Graf U, Würgler FE, Katz AJ, Frei H, Juon H, Hall CB and Kale

PG (1984) Somatic mutation and recombination test in

Drosophila melanogaster. Environ Mutagen 6:153-188.

Graf U (1995) Analysis of the relationship between age of larvae

at mutagen treatment and frequency and size of spots in the

wing somatic mutation and recombination test in

Drosophila melanogaster. Experientia 51:168-173.

Graf U, Spanó MA, Rincón JG, Abraham SK and Andrade HH

(1996) The wing Somatic Mutation and Recombination Test

(SMART) in Drosophila melanogaster: An efficient tool for

detection of genotoxic activity of pure compounds or com-

plex mixtures as well as for studies on antigenotoxic. Afr

Newslett Occup Health Safety 6:9-13.

Heber D and Lu QY (2002) Overview of mechanisms of action of

lycopene. Exp Biol Med 227:920-923.

Ito Y, Maeda S and Sugyama T (1986) Suppression of 7,12-dime-

thylbenz[a]anthracene-induced chromosome aberrations in

rat bone marrow cells by vegetable juices. Mutat Res

172:55-60.

Keizer HG, Pinedo HM, Schuurhuis GJ and Joenje H (1990)

Doxorubicin (adriamycin): A critical review of free radi-

cal-dependent mechanisms of cytotoxicity. Pharmacol Ther

47:219-231.

Lehmann M, Graf U, Reguly ML and Andrade HHR (2000) Inter-

ference of tannic acid on the genotoxicity of mitomicin C,

methylmethanesulfonate, and nitrogen mustard in somatic

cell of Drosophila melanogaster. Environ Mol Mutagen

36:195-200.

Lehmann M, Franco A, Vilar KSP, Lukza Reguly M and Andrade

HHR (2003) Doxorubicin and two of its analogues are pref-

erential inducers of homologous recombination compared

with mutational events in somatic cells of Drosophila

melanogaster. Mutat Res 539:167-175.

McFadyen MCE, Melvin WT and Murray GI (2004) Cytochrome

P450 enzymes: novel options for cancer therapeutics. Mol

Cancer Ther 3:363-371.

Niitsu N, Kasukabe T, Yokoyama A, Okabe-Kado J, Yamamoto-

Yamaguchi Y, Umeda M and Honma Y (2000) Anticancer

derivate of butyric acid (pivalyloxymethyl butyrate) specifi-

cally potentiates the cytotoxicity of doxorubicin and dauno-

rubicin through the suppression of microsomal glycosidic

activity. Mol Pharmacol 58:27-36.

Peng Y, Zhang Y and Ye J (2008) Determination of phenolic com-

pounds and ascorbic acid in different fractions of tomato by

capillary electrophoresis with electrochemical detection. J

Agric Food Chem 56:1838-1844.

Ren H, Endo H and Hayashi T (2001) The superiority of organi-

cally cultivated vegetables to general ones regarding anti-

mutagenic activities. Mutat Res 496:83-88.

Riddick DS, Lee C, Ramji S, Chinje EC, Cowen RL, Willians KJ,

Patterson AV, Stratford IJ, Morrow CS, Townsend AJ, et al.

(2005) Cancer chemotherapy and drug metabolism. Drug

Metab Dispos 33:1083-1096.

Rodriguez-Arnaiz R, Sortibran AC and Tellez GO (2004) Detec-

tion of mitotic recombination and sex chromosome loss in-

duced by adriamycin, chlorambucil, demecolcine, paclitaxel

and vinblastine in somatic cells of Drosophila melanogaster

in vivo. Mutagenesis 19:121-127.

Santos HS and Cruz WMS (2001) A terapia nutricional com

vitaminas antioxidantes e o tratamento quimioterápico on-

cológico. Rev Bras Oncol 47:303-308.

Teel RW and Huynh H (1998) Effect of phytochemicals on

cytochrome P450-linked alkoxyresorufin O-dealkylase ac-

tivity. Phytother Res 12:89-93.

Torres C, Creus A and Marcos R (1998) Genotoxic activity of four

inhibitors of DNA topoisomerases in larval cells of

Drosophila melanogaster as measured in the wing spot as-

say. Mutat Res 413:191-203.

Zeljezic D and Garaj-Vrhovac V (2001) Chromosomal aberration

and single cell gel electrophoresis (comet) assay in the lon-

gitudinal risk assessment of occupational exposure to pesti-

cides. Mutagenesis 16:359-363.

Associate Editor: Catarina S. Takahashi

License information: This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Tomato extract and doxorubicin toxicity 137


