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ABSTRACT 

A diverse range of endocrine disrupting chemicals (EDCs) was examined, using an in vitro test system, for critical 
events required for the onset of carcinogenesis in vivo. The initiation stage of carcinogenesis is a genotoxic process. 
4-Octylphenol (alkylphenol), bisphenol A (plasticiser), coumestrol and genistein (phytoestrogens), 2,4-dichlorophe- 
noxyacetic acid and toxaphene (pesticides) and ethinylestradiol (synthetic hormone) were investigated for potential 
mutagencicity, DNA strand breakage, clastogenicity and DNA repair. Significant induction in the percentage of cells 
containing micronuclei was observed for all the EDCs. Toxaphene and coumestrol were mutagenic in the Ames assay. 
They also induced significant levels of unscheduled DNA synthesis and DNA strand breakage. Bisphenol A induced 
low level DNA strand breakage in HepG2 cells in the comet assay. The EDCs, with the exception of toxaphene, in- 
duced transcriptional activation in the yeast estrogen screen (YES) assay. They were potently oestrogenic in the mam- 
malian based MVLN (transactivation) and E-SCREEN (proliferation) assays. This report on the transactivational, pro- 
liferative and genotoxic ability of the EDCs suggests that these chemicals may play a role in the etiology of male and 
female reproductive cancers. 
 
Keywords: Endocrine Disrupting Chemicals (EDCs); Proliferation; Mutagenicity; DNA Strand Breakage; Comet  

Assay; DNA Repair; Unscheduled DNA Synthesis Assay (UDS); E-SCREEN Assay; YES Assay; MVLN 
Assay 

1. Introduction 

Screening for genotoxicity and proliferative ability of 
endocrine disrupting chemicals (EDCs) is a reliable tactic 
for the evaluation of genetic hazard and to obtaining in- 
formation indicating possible carcinogenic potential. The 
first stage of carcinogenesis is normally rapid and ire- 
versible and is believed to involve a change in the ge- 
netic material of the cell.  

Oxidation of oestradiol forms catechol oestrogens 
which denote intermediates in the generation of more 
reactive semiquinones and quinones. These quinones can 
serve as substrates for redox cycling with the associated 
generation of reactive oxygen species which can bind 
covalently to peptides, proteins and DNA [1]. Most car- 
cinogenic initiators are mutagenic or genotoxic and a 
battery of short-term in vitro mutagenicity and genoto- 
xicity tests have been developed to allow the detection of 
chemicals with potential initiating activity. While modi- 
fications in cellular DNA are essential for carcinogenesis 

such perturbations alone are not sufficient to bring about 
cancer in all cases. 

After the initial transformation a pre-neoplastic cell 
can remain dormant and the necessary cell proliferation 
may be induced by a promoter. The enhanced cell turn- 
over could lead to “fixation” of genotoxic damage. The 
faster the cells are dividing, the greater the chance that 
genotoxic damage will not be repaired prior to cell divi- 
sion, resulting in clonal expansion and development of 
neoplasia. It has been predicted that oestrogens are car- 
cinogenic due to their ability to stimulate cell prolifera- 
tion [2]. Endogenous hormones are associated with the 
development of specific neoplasia and are a mechanism 
by which epigenetic carcinogenesis arises. Hormone im- 
balances play a major causative role in cancers of certain 
hormone-sensitive tissues. Hormones are generally cate- 
gorised as promoters of neoplasia. The hormonal asso- 
ciation with cancer may relate to an increase in cell 
turnover among cells that already possess latent genetic 
damage. Alternatively, hormonal imbalance could lead to 
an increased proliferation of a sensitive cell population *Corresponding author. 
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which undergoes secondary genotoxic damage from any 
one of several environmentally prevalent genotoxic agents.  

Endogenous hormones can be replaced by chemicals 
in the environment that mimic their actions resulting in 
an agonistic or antagonistic profile [3-7]. It is possible 
that EDCs act in the same manner as endogenous oes- 
trogens by increasing endometrial proliferation. Several 
of the most common cancers in western societies occur in 
hormonally responsive tissues, including breast, endo- 
metrium and ovarian in women and prostate in men. 
These cancers have been causally correlated to exposure 
to synthetic or endogenous steroidal hormones or their 
metabolites [8]. The reactivity of catecholoestrogens and 
their corresponding quinones support the proposal of a 
mechanism of carcinogenesis by oestrogens based on 
tumour initiation by covalent DNA damage and hor- 
mone-dependent growth stimulation of initiated cells [2]. 

The assessment of possible drug-related genotoxic po- 
tential requires the use of various short-term tests suit- 
able for the detection of all types of genetic endpoints. 
The EDCs were investigated for genotoxicity, using the 
Comet assay, the in vitro unscheduled DNA synthesis 
assay (UDS) and the in vitro cytokinesis-block micronu- 
cleus technique (CBMN). The EDCs were also investi- 
gated for the potential to induce mutagenesis using the 
well established bacterial reverse-mutation test, the hall- 
mark of mutagencity. 

Oestrogens are defined by their ability to elicit the mi- 
totic stimulation of the tissues of the female genital tract 
through genomic and non-genomic mechanisms. Mea- 
suring cell proliferation and transcriptional activity is of 
key importance in assessing oestrogenicity. Proliferation 
of oestrogen-sensitive human breast cancer cells is a 
simple but biological relevant in vitro model for the oes- 
trogen-dependant tumour promotion of mammary carci- 
noma. The E-SCREEN assay was developed to assess the 
oestrogenicity of a broad spectrum of environmental 
chemicals using MCF-7 human breast cancer cell prolif- 
eration as an endpoint. The Yeast oestrogen screen (YES) 
and the MVLN (MCF-7 breast cancer cells (M) trans- 
fected with Xenopus vitellogenin A2 gene (V) controlling 
the firefly luciferase structural gene (L), transfected 
clones selected by resistance to neomycin (N)) assays are 
used to assess ER-dependent transcriptional expression 
of the EDCs.  

The EDCs tested for their ability to induce initiation 
and proliferation were 4-octylphenol (4-OP), bisphenol A 
(BIS A), toxaphene (TOX), 2,4-dichlorophenoxyacetic 
acid (2,4-D), genistein (GEN), coumestrol (COUM) and 
ethinylestradiol (EE2).  

2. Materials and Methods 

2.1. Materials 

Dimethyl sulphoxide, diisononylphthalate (≥99%), di- 

ethylhexylphthalate (≥99%), diisododecylphthalate (≥99%), 
dibutylphthalate (≥99%), L-glutamine, sodium bicarbon-
ate, D-glucose, sulphorhodamine B, TCA, tris base, 
phenol red-free Dulbecco’s modified eagle medium 
(DMEM), potassium phosphate monobasic anhydrous, 
ammonium sulphate, potassium hydroxide pellets, mag-
nesium sulphate anhydrous, iron(III) sulphate pentahy-
drate, L-leucine, L-histidine free base, adenine free base, 
L-arginine hydrochloride, L-methionine, L-tyrosine free 
base, L-isoleucine, L-lysine monohydrochloride, L-phe- 
nylalanine, L-glutamic acid free acid, L-valine, L-serine, 
thiamine hydrochloride, pyridoxine, D-pantothenic acid 
hemicalcium salt, inosital, d-biotin, D-(+)-glucose anhy-
drous, L-aspartic acid free acid, L-threonine, copper(II) 
sulphate anhydrous, sodium hydroxide pellets, sodium 
chloride, EDTA dihyate, triton X-100, sigma 7-9R tris, 
ethidium Bromide, electrophoresis film, hydrogen per-
oxide, Hams F-12 nutrient mixture, cytochalasin B, ac-
ridine orange, formaldehyde, methanol, hydroxyurea 
crystalline, nitroquinoline-N-oxide, acetic acid, non-es- 
sential amino acids and glycerol purchased from Sigma 
Aldrich (Ireland). 4-onylphenol (≥98%), 2-aminoanthra- 
cene and sodium azide purchased from Lennox (Ireland). 
2-Nitrofluorene purased from Merck (Ireland). 17- 
Oestradiol (≥97%) purhased from Merck (Germany). 
Hylcone foetal bovine serum, sodium pyruvate, L.M.P. 
agarose, scintillation cocktail-Ecoscint, Nunc 96 mi-
crowell plates and white solid 96 microwell plates pur-
chased from Bio Sciences (Ireland). Linbro 24 well tissue 
culture plates and DMEM purchased from MP Biomedi-
cals (UK). 3H Thymidine purchased from Amersham 
(UK). CPRG purchased from Fannin Healthcare (Ireland). 
Luciferase cell culture lysis reagent and Bright glo 
luciferase assay system purchased from Medical Supply 
(Ireland). Quadriperm plus dishes purchased from Sarto-
rius (UK). Petri dishes, 6 well TC plate and cell culture 
discs purchased from Sarstedt (Ireland). Corning 12 well 
TC plates purchased from Fannin (Ireland). Nutrient agar 
and nutrient broth Oxoid No.2 purchased from Fannin 
(Ireland). NADPH reagent “A”, NADPH reagent “B” 
and S9 fraction purchased from Mol.Tox.Inc. (USA).  

2.2. Propagation of MCF-7 BOS and MVLN  
Cells 

MCF-7 BOS cell and MVLN cells were cultivated in 
DMEM supplemented with sodium bicarbonate and 5% 
Hyclone foetal bovine serum. The cell lines were main- 
tained in a cell incubator with humidified air and a CO2 
concentration of 5%. 

2.3. E-SCREEN Assay 

Preparation and storage of media, charcoal-dextran strip- 
ped serum and assay procedure for the E-SCREEN assay 
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was carried out according to Soto et al., 1995 [9] with the 
following deviation. The bioassay was terminated on day 
six by carrying out a sulphorhodamine B (SRB) Pro- 
tein/biomass estimation assay.  

2.4. MVLN Assay 

Assay procedure for the MVLN assay was carried out 
according to Pons et al., 1990 [10] with the following 
deviations. Cells were seeded at 5 × 105 cells/ml in growth 
medium for 24 h. Cells were washed and resuspended in 
experimental medium for 48 h. Test-compounds were 
added in experimental medium for 24 h. Firefly lumi-
nescence was measured immediately. 

2.5. YES Assay 

The yeast oestrogen screen, previously described by 
Routledge and Sumpter, 1996 [11] was used to test the 
environmental samples for oestrogenic activity.  

2.6. Ames Standard Plate Incorporation Assay 

The procedure of bacterial cultivation, verification of 
genetic markers and incubation with microsome fraction 
from rat liver were preformed following standard proce- 
dures [12].  

2.7. The CBMN Assay 

Chinese Hamster Ovary (CHO) cells (ECACC, UK) (2 × 
104/ml) were seeded onto cell culture discs in 6 well tis- 
sue culture plates. Test chemical was added for 24 h. The 
slides were washed twice with 0.1 M phosphate buffer 
pH 6.45 and cytochalasin B (3 µg/ml) was added for 12 h. 
The slides were fixed in ice cold methanol: acetic acid 
(3:1) containing 0.74% formaldehyde. The fixed cells 
were washed in 0.1 M phosphate buffer pH 6.45 and 
stained in acridine orange (12.5 mg/100ml in 0.1 M 
phosphate buffer pH 6.45) for 1 min. The discs were 
rinsed in phosphate buffer for 10 min and rinsed in fresh 
phosphate buffer for 15 min. Cells were examined for 
micronuclei using fluorescent microscopy. The criteria 
for identifying micronuclei were performed according to 
Fenech, 1993 [13].   

2.8. UDS Assay 

HepG2 cells (5 × 105 ml) were seeded in 12 well cell 
culture dishes for 24 h in low serum medium (0.5%) for 
4 days. 1 ml medium containing 10 mM hydroxyurea 
was added and incubated for 1 h. Test chemical was 
added in fresh culture containing 0.005 mCi/ml 3H 
thymidine in the presence of 10 mM hydroxyurea and 
incubated for 3 h. The cells were collected onto glass 
microfibre filter discs using a cell scraper and were 

washed with 6 ml PBS, 10 ml of 5% TCA and 5 ml of 
absolute ethanol. The filters were placed in 10 ml of 
scintillation cocktail and analysed in the liquid scintilla- 
tion counter for radioactivity due to thymidine uptake in 
the cells.  

2.9. Comet Assay 

Assay procedure for the comet assay was carried out ac- 
cording to Singh et al., 1988 [14]. Tail moment [15] was 
chosen as a measure of DNA damage and was obtained 
using a computerized image analysis system—Comet 
assay IV perceptive instruments.  

2.10. Statistical Analysis 

The EC20 values were calculated using the Levenberg- 
Marquardt fit model (Xlfit2, Microsoft Excel, ID Busi- 
ness Solutions, UK). The EEq of each sample was calcu- 
lated using the EC20 value of the sample.  

Each experiment was tested for normality using the 
Anderson-Darling test. Differences between the equality 
of population medians and diverse treatment groups were 
assessed using the Kruskal-Wallis test and the Mann- 
Whitney test. One-way analysis of variance (ANOVA) 
was used for normally distributed data and the 2-sample t 
test was used to compute the difference between the 
means of the diverse treatment groups. A p value of 
≤0.05 was regarded as significant.  

3. Results  

3.1. Mutagenic and Genotoxic Potential of EDCs  
Using the Ames, CBMN, UDS and Comet  
Assays 

TOX induced significant levels of frameshift mutations 
in TA98 (Tables 1, 4 and 5), TA100, TA1538 and 
TA97a in the absence of metabolic activation. A muta- 
genic index of 128.7 was achieved at 1000 µg/plate in 
TA97a. The lowest observed effect concentration (LOEC) 
for TOX occurred at 0.01 µg/plate for TA97a. A decrease 
in TOX mutagenicity was observed in the presence of 
metabolic activation. COUM induced a dose-related in- 
crease in TA97a with a mutagenic index of 15 at 10 µg/ 
plate (Tables 1, 4 and 5). A dose-related increase was 
also observed in TA102 in the absence of metabolic ac- 
tivation. COUM was not mutagenic following exposure 
to the mixed function oxidase enzymes of the S9 fraction. 
Bioactivation of TOX and COUM resulted in reduced or 
lack of mutagenicity, indicating the parent compound 
being more mutagenic that the metabolites.  

All of the EDCs tested induced statistically significant 
clastogenicity in the CBMN assay (Tables 2, 4 and 5). 
Significant induction in the percentage of cells containing 
UDS was observed after treatment with 1 × 10−7 M TOX     
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Table 1. Mutagenicity of EDCs in the Ames assay. 

Concentration μg/plate 

0.01 0.1 1 10 100 1000 EDC (S. typimurium strain) 

Mutagenic index −S9 (+S9) 

Toxaphene (TA100) 0.95 0.87 1.39 1.54 1.97 5.14 

Toxaphene (TA98) 1.57 2.36 2.55 4.07 5.16 6.34 

Toxaphene (TA97a) 40 58.3 52.3 66 85 128.7 

Toxaphene (TA1538) 1.11 2.61 4.79 1.46 1.53 1.41 

Coumestrol (TA102) 1.03 1.11 1.26 1.79 3.66 0.2 

Coumestrol (TA97a) 0.7 7 11.3 15 8.7 0 

Mutagenic index represents the number of revertants in the sample/the number of revertants in the negative control. 

 
Table 2. Response of micronucleus assay to EDCs using Chinese Hamster ovary (CHO) cell line. 

Control Solvent (0.1%) 0.001 μM 0.01 μM 0.1 μM 1 μM 10 μM 50 μM 100 μM
EDC 

% of cells containing micronuclei  

Ethinylestradiol 2.4 3.2 9.1 10.1** 14.7 12.1 0* - - 

4-Octylphenol 2.8 2.1 - 3.3 5.9 10.1** 12.4 - 0* 

Bisphenol A 2.9 3 - 9.2 10 12.9** 18.5* - 0* 

Toxaphene 2.8 3.2 - 6.8 8.8** 10.1 15.7 - 0* 

2,4-Dichlorophenoxyacetic acid 2.3 2.9 - 10.2** 14.5 18.8 17.9 - 0* 

Coumestrol 2.9 3.8 - 7.9 10.1** 16.6 20.9 0* - 

Genistein 2.8 3.2 - 9.5** 8.8 15.2 20.5* 0* - 

The table depicts EDCs (0.001 μM to 100 μM) tested for clastogenicity in the cytokinesis-block micronucleus technique. The percentage of cells containing 
micronuclei are means of duplicate slides obtained in one experiment (500 cells/slide). The positive control was 0.005 μM (17.7% of cells containing micronu-
clei) and 0.0075 μM (27.3% of cells containing micronuclei) colcemid. 0.01% DMSO was used as the negative control. *= reduction in cell number on disc due 
to cytotoxicity. **= denotes the lowest observed effect concentration determined by ANOVA and 2 sample t test. A p value of ≤0.05 was regarded as significant. 

 
while COUM did not induce DNA repair at the doses 
tested (Figure 1, Tables 4 and 5). Statistically significant 
induction in DNA damage was observed in the comet 
assay after treatment with 1 × 10−8 M BIS A, TOX and 
COUM (Figure 2, Tables 4 and 5) in the HepG-2 cell 
line. BIS A induced low level DNA strand breakage 
(Table 4).  

3.2. Oestrogenic Potential of EDCs in the  
E-SCREEN Assay 

MCF-7 BOS cells exhibited a good response after treat- 
ment with the EDCs inducing statistically significant 
proliferation (Tables 4 and 5). The maximum amplitudes 
obtained with some of these chemicals were close to 
17β-oestradiol used as a positive control (Figures 3 and 
4). A comparison of lowest observed effect concentration 
(LOEC), the relative proliferative effect (RPE) and the 
relative proliferative potency (RPP), obtained with the 
test compounds in the E-SCREEN assay showed consid- 

erable differences in potency between the chemicals 
tested (Table 3). 17β-Oestradiol induced the maximal 
oestrogenic response at the lowest concentrations. The 
detection limit of the assay for the endogenous oestrogen 
17β-oestradiol was at 1 × 10−4 nM.  

3.3. Oestrogenic Potential of EDCs in the MVLN  
and YES Assays 

The maximum amplitudes obtained with some of the 
EDCs in the MVLN assay were close to 17β-oestradiol 
(Figures 5 and 6, Table 4). Statistically significant in- 
duction in reporter gene activity was observed after treat- 
ment with all of the EDCs indicating that these chemicals 
are capable of binding to and activating the oestrogen 
receptor (Table 5).  

Maximal induction of luciferse in the MVLN assay 
was recorded as that achieved for 10 nM 17β-oestradiol 
however, 50 µM GEN produced a luminescence response 
approximately 2.5 times the maximal induction achieved 
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Figure 1. DNA repair induced by EDCs measured by the 
unscheduled DNA synthesis assay using the Human Hepa- 
toma cell line, HepG2. Values represent the mean nano- 
gram level of thymidine incorporated per 5 × 105 cells, 
where n = 3. Graph depicts DNA repair symbolic of DNA 
damage induced by toxaphene (TOX) and coumestrol 
(COUM) (0.1 μM to 100 μM). The positive control was ni- 
troquinoline-N-oxide which gave 0.9 ng thymidine incorpo- 
rated at 0.1 μM. 0.01% DMSO was used as the negative 
control (0.06 ng thymidine incorporation). 
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Figure 2. DNA strand breakage induced by EDCs detected 
by the comet assay using a Human Hepatoma cell line 
(HepG2). Values represent the mean tail moment, where n 
= 50. Graph depicts DNA strand breakage induced by hy- 
drogen peroxide (H2O2), the positive control (10 μM and 
100 μM), coumestrol (COUM), toxaphene (TOX) and 
bisphenol A (BIS A) (0.01 μM to 100 μM). 10 μM and 100 
µM H2O2 gave a tail moment values of 75 µM and 123 µM 
respectively. Tail moment is the equivalent to the integrated 
value of density multiplied by migration distance. 0.01% 
DMSO was used as the negative control inducing inducing 
tail moment values between 0.1 μM and 0.2 µM. 
 
for 17β-oestradiol (Figure 6 and Table 4).  

The potency of the EDCs in the YES assay was char-
acterised by the lowest observed effect concentration 
(LOEC) determined by statistical analysis (Table 5). 
Potency of the test chemical is related to the effective 
concentrations i.e. the lower the effective concentration 
the higher the potency. A comparison of these values ob- 
tained with the test compounds in the YES assay showed 
considerable differences in potency between the EDCs 
tested (Table 4). Statistically significant induction in 
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Figure 3. Proliferative ability of EDCs demonstrated by the 
E-SCREEN cell proliferation assay. Values represent the 
mean +/− S.E.M., where n = 4. Graph depicts proliferation 
induced by the positive control, 17β-oestradiol (E2) (1 × 10−5 

nM to 1 × 102 nM), ethinylestradiol (EE2), bisphenol A (BIS 
A) and 4-octylphenol (4-OP) (1 × 10−3 nM to 1 × 105 nM) 
(1.E−03 = 1 × 10−3). 0.01% DMSO was used as the negative 
control inducing proliferation between 3 × 104 and 5 × 104 

cells per well. 
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Figure 4. Proliferative ability of EDCs demonstrated by the 
E-SCREEN cell proliferation assay. Values represent the 
mean +/− S.E.M., where n = 4. Graph depicts proliferation 
induced by the positive control, 17β-oestradiol (E2) (1 × 10−5 
nM to 1 × 102 nM), coumestrol (COUM), toxaphene (TOX), 
genistein (GEN) and 2,4-dichlorophenoxyacetic acid (2,4-D) 
(1 × 10−3 nM to 1 × 105 nM) (1.E−03 = 1 × 10−3). 0.01% 
DMSO was used as the negative control inducing prolifera-
tion between 3 × 104 and 5 × 104 cells per well. 
 
reporter gene activity was observed after treatment with 
all EDCs tested with the exception of TOX (Figures 7 
and 8) indicating that these chemicals are capable of 
binding to and activating the oestrogen receptor.  

4. Discussion 

The chemical stability of DNA is one of the fundamen- 
tals of life. Alterations in the chemical structure of DNA 
occur frequently, interfere with transcription and replica- 
tion, and result in cell death or carcinogenesis if allowed 
to accumulate. Contaminants released into the aquatic 
environment have the potential to damage the DNA of 
exposed organisms resulting in genetic disorders and 
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Figure 5. Transcriptional activation induced by EDC dem-
onstrated by the MVLN reporter gene assay. Values repre-
sent the mean +/− S.E.M., where n = 4. Graph depicts oes-
trogenic effect of ethinylestradiol (EE2) (1 × 10−3 nM {1.E− 
03 = 1 × 10−3} to 1 × 104 nM), bisphenol A (BIS A) and 
4-octylphenol (4-OP) (1 × 10−2 nM to 1 × 105 nM) compared 
to 17β-oestradiol, the positive control (1 × 10−4 nM to 1 × 
102 nM). Chemical concentrations were plotted against 
luciferase activity achieved as a percentage of the positive 
control, 10 nM 17β-oestradiol. 0.01% DMSO was used as 
the negative control. 
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Figure 6. Transcriptional activation induced by EDC dem- 
onstrated by the MVLN reporter gene assay. Values repre- 
sent the mean +/− S.E.M., where n = 4. Graph depicts oes- 
trogenic effect of toxaphene (TOX), 2,4-dichlorophenoxya- 
cetic acid (2,4-D), genistein (GEN) and coumeatrol (COUM), 
bisphenol A (BIS A) and 4-octylphenol (4-OP) (1 × 10−2 nM 
{1.E−02 = 1 × 10−2} to 1 × 105 nM) compared to 17β-oestra- 
diol, the positive control (1 × 10−4 nM to 1 × 102 nM). Che- 
mical concentrations were plotted against luciferase activity 
achieved as a percentage of the positive control, 10 nM 17β- 
oestradiol. 0.01% DMSO was used as the negative control. 
 
genotoxic effects. DNA contains a number of reactive 
sites and its structure can be modified in numerous ways 
by genotoxic agents. Scrutinising the genotoxic effects of 
pollutants is of fundamental relevance in the aquatic en- 
vironment in the assessment of pollution-associated strain 
on living organisms. The most obvious reason for mea- 
suring the level of exposure to genotoxic substances in 
the environment relates to carcinogenesis. Many carci- 
nogenic initiators are genotoxic and genotoxic chemicals 
may also contribute to other toxic responses including 
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Figure 7. Transcriptional activation induced by EDCs de- 
monstrated by the YES reporter gene assay. Values respre- 
sent the mean +/− S.E.M., where n = 4. Graph depicts oes- 
trogenicity induced by ethinylestradiol (EE2) (1.2 × 10−2 nM 
to 1.57 × 103 nM), 4-octylphenol (4-OP) and bisphenol A 
(BIS A) (50 nM to 1 × 105 nM {5.0E+01 = 50 nM}). Chemi- 
cal concentrations were plotted against absorbance at 560 
nM achieved as a percentage of the positive control, 10 nM 
17β-oestradiol. Ethanol was used as the negative control. 
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Figure 8. Transcriptional activation induced by EDCs de- 
monstrated by the YES reporter gene assay. Values respre- 
sent the mean +/− S.E.M., where n = 4. Graph depicts oes- 
trogenicity induced by coumestrol (COUM) (7.5 × 10−1 nM 
to 1 × 105 nM), genistein (GEN) and 2,4-dichlorophenox- 
yacetic acid (2,4-D) (50 nM to 1 × 105 nM {5.0E+01 = 50 
nM}). Chemical concentrations were plotted against ab- 
sorbance at 560 nM achieved as a percentage of the positive 
control, 10 nM 17β-oestradiol. Ethanol was used as the ne- 
gative control. 
 
teratogenic effects and hereditary defects through muta-
tions in germ line cells.  

The Ames assay was used as a first step in defining the 
potential mutagenicity of the EDCs. Most established 
carcinogens are mutagens with 85% of the carcinogens 
tested been detected as mutagens. TOX and COUM in- 
duced frameshift mutations in one strain or more in the 
Ames assay. The presence of micronuclei in somatic 
cells is recognised as a cytogenetic indicator of genotox- 
icity. Chromosome breakage and aneuploidy is an indi- 
cation of exposure to genotoxic compounds which may 
increase the risk of cancer [16]. The in vitro micronu- 
cleus test with human lymphocytes is also used for hu-
man monitoring. An increase in the percentage of cells 
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Table 3. Oestrogenic effect of various EDCs measured by the E-SCREEN assay. 

EDC LOEC (M) a RPE, % b RPP, % c 

Oestradiol 1 × 10−13 100 100 

Ethinylestradiol 1 × 10−12 46.7 0.1 

Bisphenol A 1 × 10−10 120 0.1 

4-Octylphenol 1 × 10−10 36.7 0.01 

2,4-Dichlorophenoxyacetic acid 1 × 10−11 51.7 0.01 

Genistein 1 × 10−9 100 1 

Coumestrol 1 × 10−9 80 0.1 

Toxaphene 1 × 10−9 23.3 0.0001 

The lowest observed effect concentration needed for statistically significant cell yield (a). The relative proliferative effect (b) is calculated as 100 × (PE-1) of 
the test compound/(PE-1) of E2, where PE is measured as the ratio between the highest cell yield obtained with the test chemical and with the hormone-free 
control; 100 = full agonist, 0 = lacks estrogenicity at the doses tested. Relative proliferative potency is the ratio between E2 and chemical doses needed to pro-
duce maximal cell yields x 100 (c). 

 
Table 4. The oestrogenic and genotoxic potential of EDCs. 

Test Battery 

E-Screen MVLN YES Ames CBMN UDS Comet EDC 

RPE % % E2 % E2 Mutagenic Index % cells with MN Thymidine incorporation (ng) Tail moment (uM)

EE2 46.7 80.3 135.1 - 14.7 - - 

4-OP 36.7 84.8 62.9 - 12.4 - - 

BIS A 120 73.8 72.2 0 18.5 - 1.2 

TOX 23.3 74.5 NEG 128.7 15.7 1.3 52.17 

2,4-D 51.7 87.3 88.72 - 18.8 - - 

COUM 80 92.2 117.7 15 20.5 0.1 136.4 

GEN 100 240.6 91.2 - 20.9 - - 

Positive control 100 100 100 119 27.3 0.95 75 

Negative control 0 25 0.29 1 2.5 0.06 0.1 

In the E-screen assay, the relative proliferative effect (RPE) is calculated as 100 × (PE-1) of the test compound/(PE-1) of E2, where PE is measured as the ratio 
between the highest cell yield obtained with the test chemical and with the hormone-free control; 100 = full agonist, 0 = lacks oestrogenicity at the doses tested. 
The highest cell yields for EE2 and 4-OP occurred at 0.01 μM and 0.1 μM respectively. Highest cell yields for BIS A, TOX, 2,4-D, COUM and GEN occurred 
at 1 μM. Maximum luminescence was achieved for EE2, 4-OP, BIS A, TOX AND 2,4-D at 0.01 μM, 1 μM, 10 μM, 0.01 μΜ and 0.1 μM respectively. In the 
Ames assay, the mutagenic index represents the number of revertants in the sample/the number of revertants in the negative control. The result for the EDCs 
represents the most mutagenic response when tested in all strains in the presence and absence of metabolic activation. The percentage of cells containing mi-
cronuclei are means of duplicate slides obtained in one experiment. The highest induction of cells containing micronuclei for EE2 and 2,4-D occurred at 1 Μm 
while the highest induction of cells containing micronuclei for 4-OP, BIS A, TOX, GEN and COUM occurred at 10 μM. DNA repair was induced by TOX at 
10 μM. Values represent the mean nanogram level of thymidine incorporated per 5 × 105 cells, where n = 3. DNA strand breakage was induced by TOX and 
BIS A at 100 μM and COUM at 50 μM in the comet assay. Values represent the mean tail moment, where n = 50. Tail moment is the equivalent to the inte-
grated value of density multiplied by migration distance. 0.01 % DMSO was used as the negative control in all test systems. 

 
containing micronuclei was observed after exposure to 
all of the EDCs tested indicating that these chemicals are 
capable of DNA damage. Some of the EDCs induced 
DNA damage at similar levels to colcemid, while others 
were weakly genotoxic. BIS A induces kinetochore- 
positive micronuclei formation in V79 cells [17] while 
Lehmann and Metzler, 2004 [18] have reported that two 

congeners of BIS A induce mitotic arrest and kineto- 
chore-positive micronuclei in human fibroblasts. It has 
been reported that BIS A is not likely to be carcinogenic 
to humans based on experimental animal and metabolism 
studies. However in the same study it did induce micro- 
nuclei formation in Chinese hamster V79 cells [19].  

COUM is a strong inducer of structural chromosomal   
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Table 5. Summary table of proliferative, transactivational and genotoxic ability of EDCs. 

Test Battery 

E-Screen MVLN YES Ames CBMN UDS Comet EDC 

LOEC (M) EC20 (M) LOEC (M) EC20 (M) LOEC (M) EC20 (M) LOEC (M) LOEC (M) LOEC (M) LOEC (M)

EE2 1 × 10−12 3.03 × 10−13 1 × 10−11 4.56 × 10−11 9.5 × 10−9 3.66 × 10−11 − 1 × 10−8 − − 

4-OP 1 × 10−10 1.39 × 10−9 1 × 10−7 1.19 × 10−9 4.33 × 10−6 1.60 × 10−5 − 1 × 10−6 − − 

BIS A 1 × 10−10 1.2 × 10−8 1 × 10−8 3.62 × 10−9 4.33 × 10−6 2.35 × 10−6 NEG 1 × 10−6 − 1 × 10−8 

TOX 1 × 10−9 6.86 × 10−8 1 × 10−8 2.47 × 10−9 NEG NEG 2.4 × 10−7 1 × 10−7 1 × 10−7 1 × 10−8 

2,4-D 1 × 10−11 3.78 × 10−11 1 × 10−10 5.28 × 10−11 1.57 × 10−6 2.53 × 10−6 − 1 × 10−8 − − 

GEN 1 × 10−9 3.57 × 10−9 1 × 10−10 6.22 × 10−11 2 × 10−7 7.04 × 10−7 − 1 × 10−8 − − 

COUM 1 × 10−9 3.73 × 10−9 1 × 10−10 5.33 × 10−10 1.3 × 10−8 1.56 × 10−10 3.7 × 10−6 1 × 10−7 NEG 1 × 10−8 

The lowest observed effect concentration (LOEC) (M) was determined by statistical analysis. A p value of ≤ 0.05 was regarded as significant. The EC20 is a 
statistically derived concentration of the test sample expected to produce transcriptional activation or proliferation in 20% of the cells in a given population 
under a defined set of conditions. 

 
aberrations in cultured human peripheral blood lympho- 
cytes [20]. The ability of the EDCs to induce micronu- 
cleus frequencies does not necessarily correlate with their 
hormonal activity. For example, TOX was one of the 
most potent of the EDCs tested in the microncleus assay 
and the comet assay but proved to be one of the least 
oestrogenic of the EDCs tested in both the MVLN and 
E-SCREEN assays.  

As most chemical carcinogens in their ultimate reac-
tive form are electrophiles that react with DNA and 
thereby may result in DNA repair, the measurement of 
DNA repair is a reliable determination of carcinogenic 
potential. Berwick and Vineis, 2000 [21] have shown a 
positive correlation between defects in DNA repair ca- 
pacity and development of cancer in humans.  

TOX induced significant levels of DNA repair in the 
HepG2 cell line. TOX is a complex mixture containing 
hundreds of polychlorinated bornane isomers which is 
formed by chlorination of technical camphene. The use 
of TOX has been limited in the United States since 1982 
and banned by the EPA in 1990 following concerns over 
bioaccumulation and toxicity [22]. TOX and toxaphene- 
like preparations are still utilised in South America, India, 
Africa, Mexico, Romania, Hungary, Germany, Poland, 
and The USSR. It has been shown to bioaccumulate by 
biota inhabiting regions hundreds and thousands of kilo- 
metres away from location of use. Although most iso- 
mers persevere in the environment, the human body bur- 
den of TOX consists of two to three particular congeners 
that preferentially accumulate in liver and adipose tissue, 
and become concentrated in the food chain [22]. Very 
high concentrations of TOX have been found in the lipid- 
rich tissues of crocodiles (Crocodylus porosus) from the 
Ord River in Western Australia almost thirty years after 
its use ceased in the area [23]. A case study analysing 

two mountain lakes for TOX residues in the water, 
aquatic plants, aquatic invertebrates and fish, following 
treatment with TOX for fish-eradication demonstrated 
the highly persistent nature of TOX and its potential bio- 
accumulation in higher trophic levels [24]. The initial 
residues, in one particular lake, declined sharply and re- 
mained at 2 p.p.b. (4.83 × 10−9 M) for approximately five 
years. This concentration of TOX had the ability to in-
duce cell proliferation in the E-SCREEN in this report. In 
the same study [24] levels in aquatic plants were as high 
as 17 p.p.m. (41 μM) and accumulation of whole body 
concentrations of TOX in trout inhabitants of the shallow 
lake occurred up to 14 p.p.m (34 µM). It is im- portant to 
note that in this study TOX had the ability to stimulate 
the oestrogen receptor and induce mutagenicity and 
genotoxicity in the test battery at these micromolar levels. 
This signifies the critical aspect of bioaccumula- tion and 
persistence of pesticides in the environment.  

It has been noted that the amount of DNA repair in- 
duced in a given time is sometimes greater with weak 
carcinogens than with potent ones. Certain carcinogens 
may have different effects on repair enzyme activity or 
stimulation of different repair processes depending on the 
lesion. The relative average amount of UDS elicited by 
carcinogens in this system is probably more a function of 
the type of DNA damage and repair provoked than of the 
potency of the carcinogen. COUM did not induce DNA 
repair in the UDS assay. It is important to note that the 
phytoestrogen was positive in the Ames assay, the comet 
assay and the micronucleus assay.  

The comet assay was used to ascertain the genotoxic 
potency of the EDCs through induction of DNA strand 
breaks in human hepatoma cells (HepG2). The use of the 
HepG2 cell line in the comet assay demonstrates toxicity 
in vitro from a mammalian perspective. HepG2 cells re- 
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tain the activities of phase I and phase II enzymes during 
in vitro cultivation. These enzymes play key roles in the 
activation and detoxification of DNA reactive carcino- 
gens. The comet assay detects strand breaks with high 
sensitivity for carcinogens [25]. It provides a useful tool 
for simultaneous comparison of effects of environmental 
contaminants. The EDCs analysed in the comet assay all 
induced DNA strand breaks. BIS A did induce single 
strand breakage albeit at low levels.  

The genotoxicity assays outlined here can be used as 
indicators for chromosomal and DNA damaging effects 
of environmental contaminants. Aberrations in the ge- 
nome can ultimately lead to the development of cancer 
therefore exposure to EDCs reported here may have se- 
rious implications for reproductive integrity and tumou- 
rigenesis.  

The oestrogen induced increase in the number of 
MCF-7 breast cancer cells is recognised as biologically 
equivalent to the increase of mitotic activity in the rodent 
endometrium [26]. The results reported here for 4-OP, 
BIS A, TOX, 2,4-D, GEN, COUM and EE2 in the E- 
SCREEN assay suggest that they have the ability to 
mimic oestrogen action in breast cancer cells indicated 
here by proliferation and therefore may also act as pro- 
moters in the carcinogenic process by inducing prolifera- 
tion and possibly permitting uncontrolled growth of 
spontaneous or carcinogen-induced mutations. TOX has 
extremely toxic endocrine disrupting abilities in female 
zebrafish with a decrease in oviposition, number of eggs 
spawned and an increase in severely deformed embryos 
exposed to the pesticide [27]. It has been suggested that 
toxaphene is a hepatocarcinogen exerting its effect through 
a non-genotoxic or promotional mechanism rather than a 
genetic mechanism [28]. Carcinogenic effects of toxa- 
phene exposure have been encountered in vivo in both 
male and female rats, with an increase in benign and ma- 
lignant neoplasm’s of the reproductive organs in females, 
the mammary gland in males and endocrine system and 
liver in both [29]. White et al., 1994 [30] demonstrated 
that a number of alkylphenolic compounds found in river 
water were capable of stimulating growth of breast can- 
cer cells while laboratory trials have shown that BIS A 
induces expression of oestrogen controlled genes in vari- 
ous assays [31]. Shimizu et al., 2002 [32] demonstrated 
that sulphation of BIS A abolished its oestrogenicity 
based on proliferation and gene expression in the E- 
SCREEN assay. The phytoestrogen COUM was potently 
oestrogenic producing a statistically significant prolifera- 
tion response (1 µM) approximately 1.5 times the maxi- 
mal induction achieved for 17β-oestradiol (10 nM).  

High sensitivity is an essential prerequisite for screen-
ing assays to facilitate detection of compounds of low 
potency that might be of biological significance through 
chronic exposure and high profusion in the environment. 

The determination of whether EDCs interact directly 
with the oestrogen receptor is essential for understanding 
the risk associated with exposure to them. Luciferase 
expression in the MVLN cell line mimics a human natu- 
ral hormonal response. The ability of a chemical to acti- 
vate oestrogen-responsive genes through the ER may 
indicate that the chemical will be oestrogenic in vivo. It is 
possible that some EDCs may show preferential binding 
to one or the other oestrogen receptors. EDCs may exert 
a spectrum of activity different from that caused by en- 
dogenous oestrogen because of different affinities of 
these compounds for oestrogen receptor α and β. This 
perhaps explains the difference in potency for the chemi- 
cals tested here in the MVLN assay. It has been shown 
that 17β-oestradiol binds preferentially to oestrogen re-
ceptor-α while xenoestrogens and phytoestrogens showed 
an almost equal binding affinity for both receptor sub- 
types [33].  

The potency of some of the EDCs in the MVLN assay 
was slightly lower than those achieved for the E- 
SCREEN assay however the MVLN assay appeared to 
be more sensitive to phytoestrogen exposure than the 
E-SCREEN assay. This phenomenon of super-induction 
by GEN in the MVLN assay was not achieved by any of 
the other chemicals tested. This may be explained by the 
high affinity of GEN for the oestrogen receptor β but the 
fundamental mechanism remains unknown and it is un- 
clear whether cell processes other than the oestrogen 
receptor are involved. GEN has shown differential trans- 
activation of the oestrogen receptor α and oestrogen re- 
ceptor β with up to 100-fold stronger activation of the 
oestrogen receptor β in breast cancer cells [34]. Metabo- 
lites of isoflavones i.e. isoflavone glycosides bind weakly 
to both oestrogen receptors and subsequently transcrip- 
tional expression is poor however the GEN glycoside can 
stimulate proliferation more strongly than the parent 
compound, suggesting bioactivation is necessary for its 
oestrogenic activity [35]. GEN can be found in herbal 
remedies for the treatment of menopausal symptoms and 
is administered up to levels of 10 mg daily.  

The relative potencies of EDCs in the YES assay when 
compared to 17β-oestradiol are perhaps underestimated 
by the in vitro test due to the fact that circulating en- 
dogenous oestrogen is bound to plasma proteins and only 
a small percentage has the ability to infiltrate cells and 
activate the oestrogen receptor. EDCs have a much lower 
affinity for plasma proteins and as a result these chemi- 
cals are unbound in the blood and possibly will be avail- 
able for oestrogen receptor activation [36]. It has also 
been suggested that EDCs may displace endogenous sex 
steroid hormones from human sex hormone-binding glo- 
bulin binding sites and disrupt the androgen-to-oestrogen 
balance leading to elevated levels of endogenous hor- 
mones [37].  
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The activities of EE2, BIS A, 4-OP, 2,4-D, COUM 
and GEN in the YES assay were reproduced in the mam- 
malian assays, MVLN and E-SCREEN, thus implying 
that these are real oestrogenic effects. Both the E-SCR- 
EEN and MVLN assays appear to be more sensitive in 
detecting weak oestrogenic activities than the YES assay.  

For some of the chemicals tested, only a partial dose 
response was observed after the incubation time. Bioas- 
says like the E-SCREEN assay, the MVLN assay and the 
YES assay are preferential methods when assessing 
whether a chemical is oestrogenic and when trying to 
ascertain the cause of suspected oestrogen contamination. 
The oestrogenicity of chemicals cannot be predicted on a 
structural basis alone therefore, it is unknown how many 
EDCs are present in the environment. Molecular identi- 
fication methods are valuable to evaluate the presence 
and concentration of particular EDCs previously known 
to be oestrogenic but this precludes the use of chemical 
analysis as a tool for determining whether or not EDCs 
are present in environmental samples. The E-SCREEN 
assay and MVLN assay could be applied reliably to pre- 
dict oestrogenic effects on human health because the 
target cells are of human origin. These assays also allow 
the screening of multiple compounds in a wide range of 
doses and are sensitive enough to detect weak oestro- 
genic activity of four orders of magnitude more concen-
trated than that of 17β-oestradiol without exceeding the 
solubility of the compounds tested.  

In vitro studies lack the ability to detect the effects of 
metabolism, plasma-protein binding, and pharmacoki- 
netics on oestrogen activity however, they are imperative 
for preliminary testing and prioritising chemicals for 
more extensive studies in vivo. Short-term methods like 
the E-SCREEN assay, the MVLN assay and the YES 
assay are necessary to detect EDCs in order to regulate 
the environmental burden.  

Many of the chemicals shown to mimic the action of 
endogenous oestrogens are reaching freshwater environ-
ments and water supplies in Ireland [38-43], the United 
Kingdom [44,45], the Netherlands [46], Germany [47], 
[48], the USA [49] and China [50]. Moreover, a recent 
survey by Kelly et al., 2010 [51] reported levels of ph- 
thalates and alkylphenols at various river locations in the 
Shannon International River Basin District of Ireland. 
The concentrations of some of the phthalates and alkyl- 
phenols found were even higher than those required to 
elicit a response in the in vitro E-SCREEN and MVLN 
assays reported previously [52]. For example, levels of 
diethylhexylphthalate at Athlone Lock and the Hind 
River were 2 × 104 times higher than levels required to 
elicit a response in the E-SCREEN and 20 times higher 
than levels required to elicit a response in the MVLN 
assay. Levels of diisononylphthalate at the same loca- 
tions were 4 times higher than levels required to induce a 

response in the in vitro E-SCREEN. 4-Nonylphenol was 
found at these locations 100 and 10 fold higher than lev- 
els required to elicit a response in the E-SCREEN and 
MVLN respectively. Intersex in populations of wild 
roach from rivers in the Shannon basin of Ireland have 
also been reported for the first time and it is hypothesised 
that the incidence of ovo-testis is a direct result of expo- 
sure to EDCs in waste water effluents [53]. 

The oestrogenicity observed for the EDCs has serious 
implications for human health as exposure to these 
chemicals occurs on a frequent basis. Increased cell pro- 
liferation, as demonstrated by the E-SCREEN assay, can 
have a significant input to the process of carcinogenesis. 
Fixation of genotoxic damage may occur due to en- 
hanced cell turnover. The faster the cells are dividing, the 
greater the chance that genotoxic damage will not be 
repaired resulting in clonal expansion of preneoplastic 
cells. Hormone imbalances play a major contributory 
role in cancers of certain hormone-sensitive tissues. The 
hormonal association with cancer may relate to an in- 
crease in cell turnover among cells that already possess 
latent genetic damage. Therefore human exposure to 
these EDCs may contribute to the development of vari- 
ous cancers. 

Some carcinogens have initiating and promoting activ- 
ity and can as a consequence induce neoplasms swiftly 
and in high yield when exposed repetitively. The EDCs 
reported in this study were mutagenic, genotoxic (Comet 
and CBMN assays), induced proliferation of breast can- 
cer cells in the E-SCREEN assay and transcritptional 
activity in the MVLN and YES assays. They possess 
both initiating and proliferative ability.  

4. Conclusions 

The second part of this century has been marked by a 
notable improvement of the human welfare in western 
countries. Although fundamental in this advancement, 
the chemical sciences and technologies have conversely 
generated apprehension in the public for unfavourable 
effects that may sometimes be derived from these pro- 
gress endeavours. Scientists have discovered that many 
chemicals in the environment can mimic the action of 
oestrogens and are released into the environment as pol- 
lutants from agricultural spraying, industrial processes, 
or municipal and domestic waste.  

The hypothesis that EDCs contribute to the decline in 
male and female reproductive health is supported by 
studies on wildlife and rodents. It is not acceptable to 
extrapolate from data that is obtained from laboratory in 
vitro experiments in which the magnitude and extent of 
xenobiotic exposure does not always represent circum- 
stances that humans confront in their environment during 
a natural life.   
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We have established that a number of EDCs have the 
ability to induce mutagenesis, clastogenicity in the form 
of DNA strand breaks, micronuclei formation and un- 
scheduled DNA synthesis indicating DNA repair follow- 
ing mutation. We have also established that the same 
EDCs cause proliferation in a breast carcinoma cell line 
and oestrogenicity in a mammalian and yeast based 
transactivation system. The genotoxicity and prolifera- 
tive ability of the EDCs in this report is significant as 
these chemicals may play a role in the etiology of male 
and female reproductive cancers [54-59]. There is a po- 
tential risk of in vivo carcinogenicity following exposure 
to these EDCs as they can act as initiators and promoters 
in the carcinogenic process. Many of the chemicals 
shown to mimic the action of endogenous oestrogens are 
reaching freshwater environments and water supplies 
worldwide.  
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