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Abstract Isoflavones are phenolic compounds

widely distributed in plants and found in a high

percentage in soybeans. They have important biolog-

ical properties and are regarded as potential chemo-

preventive agents. The aim of this study was to verify

the preventive effect of two soy isoflavones (genistein

and daidzein) by a micronucleus assay, analysis of

GST activity, and real-time RT-PCR analysis of

GSTa2 gene expression. Mutagens of direct (doxoru-

bicin) and indirect (2-aminoanthracene) DNA damage

were used. Hepatoma cells (HTC) were treated with

genistein or daidzein for 26 h at noncytotoxic con-

centrations; 10 lM when alone, and 0.1, 1.0 and

10 lM when combined with genotoxic agents. The

micronucleus test demonstrated that both isoflavones

alone had no genotoxic effect. Genistein showed

antimutagenic effects at 10 lM with both direct and

indirect DNA damage agents. On phase II enzyme

regulation, the current study indicated an increase in

total cytoplasmic GST activity in response to genistein

and daidzein at 10 lM supplementation. However, the

mRNA levels of GSTa2 isozymes were not differen-

tially modulated by genistein or daidzein. The results

point to an in vitro antimutagenic activity of genistein

against direct and indirect DNA damage-induced

mutagenicity.
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Introduction

The intake of soy isoflavones (genistein and daidzein)

has been associated with a reduced risk of cancer

particularly estrogen-related cancers, such as breast

cancer, heart disease, osteoporosis, and menopause

symptoms (Linseisen et al. 2004; Klein and King

2007). Genistein and daidzein have received consid-

erable attention for their chemopreventive properties

against cancer initiation and development. Both

isoflavones belong to the chemical group of flavo-

noids, which have little to no toxicity and have a long

history of human consumption, making them excellent

candidates for chemopreventive agents (Moon et al.

2006).

Cancer chemoprevention refers to the use of natural

or synthetic compounds that are able to inhibit, delay,

or reverse the multi-step process of carcinogenesis.

S. R. Lepri (&) � L. C. Zanelatto � P. B. G. da Silva �
D. Sartori � M. S. Mantovani

General Biology Department, State University

of Londrina (UEL), Rodovia Celso Garcia Cid,

Pr 445 km 380, Campus Universitário, Cx. Postal 6001,

Londrina, PR CEP 86051-980, Brazil

e-mail: lepri@uel.br

R. C. Luiz

Pathological Sciences Department, State University

of Londrina (UEL), Londrina, PR, Brazil

L. R. Ribeiro

Institute of Biosciences, UNESP, Rio Claro, SP, Brazil

123

Cytotechnology (2013) 65:213–222

DOI 10.1007/s10616-012-9476-8



The protective action of these agents is explained as a

combination of various proposed mechanisms involv-

ing molecular association with carcinogens, the mod-

ulation of enzymes involved in biotransformation

reactions (such as cytochrome p450 and glutathione

S-transferase), anti-oxidant, anti-inflammatory, anti-

angiogenesis, and immunomodulatory actions, apop-

tosis induction, cell-cycle arrest, cell-differentiation

induction, antimicrobial effects, tyrosine kinase inhi-

bition, and others (Akiyama et al. 1987; Chen et al.

2003; Foti et al. 2005; Moon et al. 2006; Rufer and

Kulling 2006; Chodon et al. 2007; Choi and Kim 2008;

Naithani et al. 2008).

Previous studies on the genotoxic or antigenotoxic

effects of genistein are controversial. Genistein was

able to induce micronuclei and DNA strand breaks in

Chinese hamster lung fibroblasts (V79 cells) (Kulling

and Metzler 1997), chromosomal structural aberra-

tions in human lymphocytes (Kulling et al. 1999), and

micronuclei in mouse splenocytes and V79 cells

(Record et al. 1995; Di Virgilio et al. 2004). There is

little evidence for genotoxic activity associated with

daidzein, as there was only a slight increase in

micronucleus formation in V79 cells treated with

75 lM daidzein (Di Virgilio et al. 2004). Genistein

and daidzein have also been reported as antigenotoxic

compounds (Polı́vková et al. 2006; Pugalendhi et al.

2009).

The glutathione S-transferases (GSTs) represent a

major group of detoxification enzymes that work by

conjugating xenobiotics to reduced glutathione to

facilitate dissolution in the aqueous cellular and

extracellular media. Some GSTs are free in the

cytoplasm (alpha, mu, pi, sigma, theta, zheta, and

omega), and some are bound to cellular membranes

(microsomal GST, and leukotriene C4 synthetase).

Xenobiotics are able to increase the expression of

certain GST genes (alpha, mu, and pi isoenzymes) by

interaction with the following: (a) the antioxidant-

responsive element (ARE); (b) the xenobiotic-respon-

sive element (XRE); GST P enhancer l (GPE); or

(c) the glucocorticoid-responsive element (GRE)

(Hayes and Pulford 1995; Singh and Michael 2009).

The present study evaluated the antiproliferative,

mutagenic, and antimutagenic potential of genistein

and daidzein on hepatoma cells from Rattus norvegi-

cus (HTC) in vitro. For the induction of DNA lesions,

we used one direct agent (doxorubicin, DXR) and one

indirect agent dependent on metabolic activation via

cytochrome P450s (2-aminoanthracene, 2AA). The

DNA lesions were assessed by the frequency of

micronucleus formation, and the participation of GST

in the chemopreventive effects was evaluated by total

cytoplasmic GST activity and GSTalpha2 (GSTa2)

gene expression.

Materials and methods

Chemical agents

For this study, doxorubicin (CAS no. 25316-40-9)

(DXR, Pharmacia) was used as a direct genotoxic

agent and 2-aminoanthracene (CAS no. 613-13-8) (2-

AA, Acros Organics) as an indirect genotoxic agent.

DXR was generously supplied by the University

Hospital of North Parana, Londrina—Paraná—Brazil.

DXR was dissolved in PBS, and 2-AA was dissolved

in dimethyl sulfoxide (DMSO, Mallinckrodt Chemi-

cals). Genistein (CAS no. 446-72-0) and Daidzein

(CAS no. 486-66-8) were obtained from Acros

Organics and dissolved in dimethyl sulfoxide (DMSO)

to prepare the appropriate concentrations. The final

DMSO concentration in the culture medium did not

exceed 1 %.

HTC cell culture conditions

HTC cells from a Rattus norvegicus hepatoma were

obtained from the Cell Bank of Rio de Janeiro

(RJCB—Brazil). The cells were grown as monolayer

cultures in 25 cm2 culture flasks in DMEM/F12

(Gibco) with the addition of 10 % fetal bovine serum

(FBS, Gibco). The cultures were incubated in a

humidified incubator at 37 �C and 5 % CO2.

MTT cytotoxicity assay

The cytotoxic effect of the isoflavones, genistein and

daidzein on the rat HTC cell line was determined by

the 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-

lium bromide (MTT) assay based on the protocol

described by Mosmann (1983). Briefly, cells were

plated into 96-well tissue culture dishes at a density of

2.5 9 104 cells/well in 100 lL of medium. The cells

were cultured for 24 h at 37 �C and 5 % CO2 to adhere

to the well. The supernatant was removed and replaced

with fresh medium without FBS, containing genistein

214 Cytotechnology (2013) 65:213–222

123



or daidzein at concentrations of 0.1, 1, 10, 50, and

100 lM. After 4 h, 150 lL of culture medium plus

MTT (0.5 mg/mL) was added to each well. The MTT

solution was carefully decanted off and formazan was

extracted from the cells with 200 lL of DMSO in each

well. Color was measured with a 96-well ELISA plate

reader at 550 nm. Data were plotted as relative cell

survival rate (%) = (Absorbance Test/Absorbance

control) 9 100. MTT assays were performed in

triplicate.

Cell proliferation kinetics

HTC cells (5 9 104 cells/flask) were seeded in 10 cm2

tissue flasks and cultured for 24, 48, 72 and 96 h

supplemented with genistein or daidzein at 10 lM.

The number of cells were counted every 24 h. Cells

were trypsinized and counted using a Neubauer

hemocytometer. Cell viability was evaluated by trypan

blue staining. The population doubling time was

calculated using the algorithm provided by

http://www.doubling-time.com. Experiments were

carried out in triplicate.

The micronucleus assay with a cytokinesis block

(MNCtB)

Exponentially growing HTCs were seeded at a density

of 106 cells/flask in 25 cm2 tissue flasks and incubated

for 24 h before treatment allowing cell adhesion. After

this period, the cells were washed with PBS and

treated for 26 h with fresh medium containing cyto-

chalasin B at a final concentration of 3.0 lg/mL and

the chemicals continued in the respective treatment

protocols. For the genotoxicity evaluation protocol,

the cells were treated with genistein or daidzein at

10 lM. For antigenotoxicity, cells were treated with

genistein or daidzein at 0.1, 1 or 10 lM along with

either DXR at 0.2 lM or 2-AA at 13 lM. One

thousand binucleated cells with well-preserved cyto-

plasm were scored on coded slides in three experi-

mental repetitions using a microscope at 400 9

magnification, which resulted in the analysis of

1,000 cells per treatment. The criteria for the identi-

fication of binucleated cells and micronuclei were

described by Fenech (2000). The capacity of genistein

or daidzein to reduce the DNA damage induced by

DXR or 2-AA was calculated according to Waters

et al. (1990) using the following formula:

Percent Reduction (DR %Þ
¼ no MN cells in A� no MN cells in Bð Þ=

no MN cells in A� no MN cells in Cð Þ � 100

where, A = DNA damage-inducing agent, B = asso-

ciated treatment and C = negative control.

For cell cycle analysis, 500 cells per treatment

group were scored for the presence of one, two, or

more than two nuclei and the nuclear division index

(NDI) was calculated as described by Fenech (2000).

Experiments were performed in triplicate.

GST activity

Total cytoplasmic glutathione S-transferase (GST)

activity was measured according to the protocol

described by Houghton et al. (2007). This method is

based on the GST-catalyzed reaction between GSH

and 1-Chloro-2,4-dinitrobenzene (CDNB, Sigma),

which acts as an electrophilic substrate for GSTs.

HTC cells (106) were seeded in 25 cm2 culture flasks

with 5 ml of complete culture medium. After this

period, cells were treated with genistein or daidzein at

10 lM concentration for 12 or 24 h. After incubation,

the cells were trypsinized and kept in an ice bath.

The cells were disrupted using 3 cycles of freezing at

-80 �C followed by vortexing. To guarantee 100 % cell

disruption, the cells were evaluated with trypan blue

staining. The cell lysates were centrifuged at 90 9 g

for 5 min at 4 �C, and the cytosolic solutions were

obtained from the supernatant. For measurement of the

enzymatic activity, the cytosolic solution was pre-

incubated for 5 min at 30 �C (Houghton et al. 2007).

For each measurement, 100 ll of the reaction mixture

(GSH ? CDNB at final concentrations of 8.3 mM

GSH and 3.3 mM CDNB) was added. A kinetic

analysis was performed in which the absorbance of the

mixture at 340 nm was measured every minute for

5 min using a Libra S32 spectrophotometer (Bio-

chrom) coupled to a temperature regulator TE-2005

(Tecnal). To calculate the GST activity, the following

formula was used: GST activity = Slope (DAbs/ml)/

9.6 mM-1cm-1 9 protein concentration (mg/ml).

The activity was expressed as nmol/min/mg of protein,

where 1 enzyme unit is the amount of enzyme required

to conjugate 1,000 nmol/min/mg at 30 �C. The pro-

tein concentration was measured by the Bradford

method (Bradford 1976). Each enzymatic measurement
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was performed in duplicate, and the average of the

results obtained was used in the calculation of GST

activity. The experiments were performed in triplicate.

Real-time quantitative RT-PCR

The study of GSTa2 mRNA was chosen based on the

study by Wiegand et al. (2009), which showed a

significant increase in the expression levels of this

enzyme in Wistar rat liver tissue. The HTC cells (106/

flask) were treated with genistein or daidzein at 10 lM

for 12 h. Total RNA was prepared from genistein or

daidzein-treated HTC cells using Trizol-LS� reagent

(Invitrogen Life Technologies) according to the man-

ufacturer’s protocol. RNA samples were incubated

with DNase (1U) (CAS 18068-015, Invitrogen Life

Technologies). The quantity of RNA was determined

by spectrophotometer analysis (BioPhotometer—Ep-

pendorf), and the integrity by eletrophoresis in a 1 %

agarose gel. The cDNA synthesis was carried out in

reactions containing 1 lg total RNA (20 ll), 10 pmol/

lL oligo dT primer (1lL), 10 mM dNTPs (2lL),

RNAseOUT (0.1lL) and reverse transcriptase

M-MLV (1lL) (Invitrogen Life Technologies). The

real-time RT-PCR was performed using Platinum�

SYBR Green qPCR SuperMix-UDG (Invitrogen Life

Technologies). In each reaction, 0.4 lM of primer

(forward and reverse) and 2 lL of template cDNA was

added to make a final volume of 20 lL. The reactions

were performed in PTC 200 DNA Engine Cycler using

a Chromo4 Detection System (MJ Research). The

primers utilized in these experiments are Rattus

norvegicus glutathione S-transferase (GST) and b-

actin as shown in Table 1.

The reaction conditions were as follows: 95 �C for

3 min, 40 cycles (95 �C for 30 s, 60 �C for 30 s, 72 �C

for 20 s), 95 �C for 10 s and 40 �C for 1 min.,

followed by melting curve analysis temperature

between 50 and 90 �C (at 0.5 �C every 5 s). The data

were normalized by using the b-actin internal standard

gene. The relative differences between HTC cell

control (DMSO) and treatment groups (genistein or

daidzein) were calculated according to the method

describe by Pfaffl (2001).

Each experimental protocol was performed in

triplicate in two independent experiments. Data are

expressed as mean values ± standard derivation (SD).

Statistical analyses

The MTT assay, the micronucleus assay, and the GST

activity data were analyzed by analysis of variance

(ANOVA) followed by Tukey’s test. The cell prolifer-

ation kinetic was estimated by exponential regression as

described by Weisstein http://mathworld.wolfram.com

/LeastSquaresFittingExponential.html. Point to point

analysis was performed by analysis of variance

(ANOVA) followed by Dunnett’s test.

For RT-PCR, REST (Relative Expression Software

Tool—384, REST-384�—version 2) (Pfaffl et al.

2002) software was used. For the mRNA induction or

repression studies, only expression levels above

twofold with statistically significant differences were

seen as relevant.

Results

MTT cytotoxicity assay

Figure 1 shows the effect of various concentrations of

genistein or daidzein on the relative cell survival

percentage of HTC cells after 24 h. Survival of

vehicle-treated control groups, not exposed to isoflav-

ones or DNA damage inductors, was defined as 100 %

survival. Concentrations ranging from 0.1 to 10 lM

Table 1 The primer pairs used in this study for PCR amplification

Sequence Size (bp) NCBI

b-actin Forward—50 TTG CTG ACA GGA TGC AGA AGG AGA 30 159 BC063166 Present study

Reverse—50 ACT CCT GCT TGC TGA TCC ACA TCT 30

GSTa2 Forward—50 AGC CAT GGC CAA GAC TAC CTT GTA 30 108 FJ179397 Present study

Reverse—50 AGA GGT CAG AAG GCT GGC ATC AAA 30
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showed poor inhibition of HTC growth. However, at

the higher concentrations of 50 and 100 lM, a marked

inhibition occurred for genistein and daidzein in

comparison to the control.

Cell proliferation kinetics

The effect of genistein and daidzein on the growth

kinetics of HTC cells is shown in Fig. 2. Cells were

incubated with genistein or daidzein at 10 lM. Cell

counting was used to measure cell proliferation. Both

isoflavones displayed similar growth rates compared

with control treatment (Fig. 2). The R2 of [0.97 in

these models suggesting a successful regression on

proliferation data. The doubling time for control,

genistein and daidzein was estimated to be 23.17, 23.5

and 23.2 h, respectively.

The micronucleus assay

In Tables 2 and 3, the total micronuclei formation,

means, standard deviation and damage reduction

percentage in HTC cells are presented. No significant

difference in the induction of micronuclei was observed

between the groups treated with genistein or daidzein

and the negative control (p [ 0.05). These findings

indicate the absence of a genotoxic effect of genistein or

daidzein at the concentrations tested. Direct or indirect

DNA damage agents, used as positive controls, dem-

onstrated the sensitivity of the micronucleus assay and

yielded a clear positive response at the concentrations

used. The results also show that genistein (p [ 0.001)

at a 10 lM concentration in combination with DXR or

2AA significantly reduced the frequency of micronu-

clei (Tables 2 and 3). This reduction was 38.59 and

71.43 % in the micronucleus assay for DXR and 2AA,

respectively. However, no significant difference in the

frequency of micronuclei was observed for cultures

treated with low genistein or daidzein concentrations

(0.1 and 1 lM) that were associated with DNA damage

inductors, and daidzein 10 lM showed no protective

effect. The nuclear division indices (NDI) observed

demonstrate that genistein and daidzein did not influ-

ence the cell cycle kinetics between treatments.

Fig. 1 Relative HTC cell

survival determined by the

cytotoxicity assay. Cells

were treated with different

concentrations of genistein

or daidzein (0.1–100 lM),

and the cytotoxicity was

determined using the MTT

assay for 24 h. Data are

represented as the

mean ± SD of triplicate

experiments. The asterisk
(*) indicates a significant

difference (p \ 0.01)

between the group treated

and the group control. The

statistic analysis was

performed using the

absorbance data

Fig. 2 Cell proliferation kinetics for genistein and daidzein

(10 lM) on HTC cell
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GST activity

Figure 3 shows activities of GST, a phase II xenobi-

otic-metabolizing enzyme, in the HTC cell lineage.

The activities of phase II enzymes were significantly

increased in cells treated with genistein and daidzein

for 12 h compared to control. This effect was not

observed with cells treated for 24 h (Fig. 3).

GST gene expression

As observed in Fig. 4, the exposure of HTC cells to

10 lM of genistein and daidzein for 12 h did not affect

GSTa2 expression, as shown by real time PCR. Data

are expressed as fold change between treatment and

control, which is the difference between the normal-

ized RNA expression level (DCt, where Ct is the

Table 2 Evaluation of mutagenicity and antimutagenicity

against doxorubicin for genistein or daidzein on HTC cells,

determined by micronucleus assay

Treatments Mean ± SD DR % NDI

Control 8.33 ± 0.57b 1.86

DXR 65.66 ± 0.57a*** 1.84

Genistein 10 lM 8.33 ± 0.57a 1.87

Daidzein 10 lM 9.33 ± 0.57a 1.9

Genistein 0.1 lM ? DXR 61.66 ± 3.21b 6.43 1.89

Genistein 1 lM ? DXR 56.00 ± 10.44b 16.37 1.85

Genistein 10 lM ? DXR 43.33 ± 2.88b*** 38.59 1.83

Daidzein 0.1 lM ? DXR 62.00 ± 2.64b -0.01 1.88

Daidzein 1 lM ? DXR 59.66 ± 4.72b -1.76 1.85

Daidzein 10 lM ? DXR 65.00 ± 5.00b 0.58 1.85

DR % percent reduction, NDI nuclear division index, DXR
doxorubicin (0.2 lM)

*** Statistically significant difference
a Compared statiscally to the control
b Compared statiscally to DXR. Values are expressed as the

mean of micronucleus in 1,000 analysed cells ± SD

Table 3 Evaluation of mutagenicity and antimutagenicity

against 2-aminoanthracene for genistein or daidzein on HTC

cells, determined by micronucleus assay

Treatments Mean ± SD DR % NDI

Control 9.00 ± 1.00b 1.78

2AA 30.00 ± 3.00a*** 1.82

Genistein 10 lM 10.33 ± 1.53a 1.76

Daidzein 10 lM 11.33 ± 2.08a 1.78

Genistein 0.1 lM ? 2AA 30.00 ± 1.00b 0.00 1.80

Genistein 1 lM ? 2AA 29.00 ± 1.00b 4.76 1.78

Genistein 10 lM ? 2AA 15.00 ± 3.60b*** 71.43 1.75

Daidzein 0.1 lM ? 2AA 30.66 ± 0.57b -3.17 1.80

Daidzein 1 lM ? 2AA 30.00 ± 1.00b 0.00 1.80

Daidzein 10 lM ? 2AA 27.33 ± 2.08b 12.70 1.78

DR % percent reduction, NDI nuclear division index, 2AA
2-amino-anthracene (13 lM)

*** Statistically significant difference
a Compared statiscally to the control
b Compared statiscally to 2AA. Values are expressed as the

mean of micronucleus in 1,000 analysed cells ± SD

Fig. 3 Measurement of GST in HTC cells subjected to

treatment with 10 lM genistein and daidzein, for 12 h and

24 h. The asterisks (**) represent significant differences

compared to the enzyme dosage with respect to control at the

respective time (p \ 0.001)

Fig. 4 Fold change of GSTa2 mRNA in HTC cells after 12 h

exposure to genistein or daidzein. Data represent the

mean ± SD of two experiments
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threshold cycle) of the gene in the control group and

that of the gene in the treatment group.

Discussion

HTC cell lineage is a drug-metabolizing cell line that

has been used for the direct and indirect identification of

antigenotoxic agents (Bellini et al. 2006; Oliveira et al.

2006; Marcarini et al. 2011). We investigated the

protective effects of genistein and daidzein on DNA

damage induced by doxorubicin (a direct-acting muta-

gen) and 2-aminoanthracene (an indirect-acting muta-

gen) on HTC cells by using the micronucleus test. We

first examined the cytotoxic effect of genistein and

daidzein at concentrations ranging from 0.1 to 100 lM

for 24 h to avoid false positives in the genotoxicity test.

The highest noncytotoxic doses (10 lM) of genistein

and daidzein were further evaluated at 96 h to explore

the cell proliferation kinetics. Our results of the MTT

assay show that genistein and daidzein have similar

cytotoxic effects on HTC cells. Only the highest

concentrations of both (50 and 100 lM) showed

cytotoxic effect. Both genistein and daidzein at 10 lM

did not alter the proliferation rate of HTC cells at 96 h.

Control, genistein, and daidzein showed similar dou-

bling times (22.7, 23.4 and 23.2 h, respectively),

excluding the possibility of time-dependent effects.

The concentrations of 0.1, 1, and 10 lM of genistein

and daidzein were selected for subsequent assays.

For the tested concentrations of genistein and

daidzein, we did not observe mutagenic effects on

HTC cells because the number of micronuclei did not

differ significantly from the controls. Many studies

reported that genistein is able to induce DNA damage,

though its mechanism is not known. It has been shown

that genistein, daidzein and equol (a metabolite of

daidzein) induced micronucleus formation in V79 cell

lines. Genistein showed a clastogenic effect, and equol

showed an aneugenic effect. Also, genistein has shown

a pronounced genotoxic effect compared to daidzein

(Di Virgilio et al. 2004). Genistein, but not daidzein,

induced DNA strand breaks, and micronuclei in

Chinese hamster V79 cells (Kulling and Metzler

1997), chromosomal structural aberrations in human

lymphocytes (Kulling et al. 1999), and in vitro

formation of micronuclei in mouse splenocytes

(Record et al. 1995). The required concentrations for

genotoxicity described in these studies ranged from 5

to 25 lM. However, when mice or humans are

exposed to higher levels of dietary isoflavones, genetic

damage is not observed (Record et al. 1995; Miltyk

et al. 2003).

In contrast to these in vitro studies, we observed

antimutagenicity against DXR or 2AA for genistein.

This is in agreement with in vivo studies that have

reported antimutagenic effects of genistein against

direct and indirect mutagens and carcinogens in a bone

marrow micronucleus test. (Polı́vková et al. 2006,

Pugalendhi et al. 2009). Antigenotoxic compounds

can directly interact with genotoxins, inactivating

them chemically (scavenging) or enzymatically

(inhibiting the metabolic activation of pro-mutagenic

compounds or inducing phase II enzymes) (Antunes

and Araujo 2000).

The use of DXR as an antitumor drug is due to its

direct action on DNA. Different processes are respon-

sible for the biological effects of DXR, such as through

interactions with DNA topoisomerase II and the

generation of free radicals and subsequent oxidative

stress (Quiles et al. 2002). The proposed mechanism

for antimutagenicity of genistein is related to its

antioxidant properties. Genistein is a known antioxi-

dant (Foti et al. 2005; Lee et al. 2004; Hernandez-

Montes et al. 2006) and has been reported to inhibit

oxidative stress and DNA damage induced by meth-

ylglyoxal (a reactive dicarbonyl compound) in human

mononuclear cells (Wu and Chan 2007). Another

possible mechanism for the reduction of DNA damage

by genistein is the stimulation of DNA repair. It was

recently reported that genistein up-regulated the

expression of genes involved in DNA damage repair

in prostate tumor cells (Bhamre et al. 2010).

The genotoxic effect of 2AA requires metabolic

activation in order to exert their genotoxic effects. The

main activating enzymes include CYPs isoforms

(cytochrome P450), which convert hydrophobic com-

pounds in reactive hydrophilic compounds (Jemnitz

et al. 2004). On the other hand, phase II enzymes such

as glutathione-S-transferase (GSTs), UDP-glucuronyl

transferase (UGT) and NAD(P)H quinine oxidoreduc-

tase (QR) catalyze conjugation reactions (Pool-Zobel

et al. 2005). Thus, phase I enzymes often result in

bioactivation compared to inactivation resulting from

phase II. According to Manson et al. (1997) the result

of exposure to an environmental toxin in terms of

acute or chronic toxicity largely depends on the

balance between these two processes. To better
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understand the antimutagenic mechanism of genistein

on indirect mutagens, we focused on the metabolic

activation of phase II enzymes.

It is important to note that the concentration of

genistein (10 lM) which showed to be antimutagenic

in the present study was beyond the concentrations of

genistein or daidzein normally obtained in plasma of

humans consuming isoflavone containing diets (less

than 1–5 lM) (Maubach et al. 2003; Safford et al. 2003;

Wiseman et al. 2004). However, intake of an aglycone

isoflavone supplement (containing 450 mg genistein,

300 mg daidzein, and other isoflavones daily for 6

months) in a group of 53 prostate cancer patients

displayed high plasma levels of genistein (39.85lM)

and daidzein (45.59 lM) (deVere White et al. 2010).

Moreover, data in humans and animals showed that

concentrations of flavonoids in the endocrine-respon-

sive tissues including liver, mammary gland, ovary,

prostate, and uterus may exceed plasma levels several

fold (Gardner et al. 2009; Chang et al. 2000; Janning

et al. 2000). Therefore, a concentration of 10 uM of

genistein and daidzein was used that showed to be

nontoxic for HTC cells for subsequent experiments of

GST activity and gene expression. We observed a time-

dependent increase of total cytoplasmic GST activity

for both isoflavones (increase was observed only for

12 h of treatment, normalizing by 24 h), but mRNA

levels of GSTa2 isoenzymes were not differentially

modulated by either genistein or daidzein after 12 h of

treatment. These results show that genistein and

daidzein are able to increase GST activity by up-

regulation of GST isoforms other than GSTa2. The

increase of total cytoplasmic GST activity found in our

study may be responsible for the reduction of 2AA-

mediated DNA damage by genistein. GST could

increase the activity of the detoxification system, which

may facilitate the elimination and inactivation of the

active mutagens formed by metabolism of 2AA.

However, this mechanism only partially explained the

protective role of genistein because daidzein similarly

induced GST activity in HTC cells, but did not show an

antigenotoxic effect. For in vivo assays, Wiegand et al.

(2009) showed that GST activity was not affected by

feeding a genistein-supplemented diet to rats, while

mRNA levels of GSTa2 isoenzymes were significantly

increased (plasma genistein concentration was 7.6 ±

1.0 lM).

From the chemical point of view, genistein

and daidzein have strong similarities, except for the

50-hydroxyl group; thus, they may perform their

functions via similar pathways. Our results showed

that genistein and daidzein similarly induce GST

activity. However, genistein and daidzein exhibited

different abilities to protect HTC cells against DNA

damage by DXR or 2AA. Previous studies have shown

that the number and position of the hydroxyl group of

the A ring effectively increased the radical scavenging

activity of genistein (Choi et al. 2009). Thus, it is clear

that several mechanisms may be involved in this

antimutagenic process by genistein. Further investi-

gation is needed to elucidate the mechanisms of

cellular responses to soybean isoflavone exposure.
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