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Abstract

The effects of simultaneous administration of some binary mixtures of seven natural and

synthetic oestrogenic substances (17β-estradiol, estrone, bisphenol A, butylbenzyl phthalate,

endosulfan, methoxychlor and pentachlorophenol) on the cellular proliferation of human

breast cancer MCF-7 cells in-vitro (a modified E-screen assay) have been measured. To assess the

presence or absence of interactions of the two agents, the data were analysed on the basis of

a graphical method in which the types and extents of interactions were described by response-

surface diagrams. Of the nine combinations of the agents examined, synergistic interaction was

evident for the combination of 17β-estradiol and bisphenol A, whereas the remaining eight

combinations were weakly synergistic, additive and/or weakly antagonistic in the dose-range

tested.

Introduction

Endocrine disruption by environmental chemicals against man and wildlife species

has received widespread scientific and public concern (Colborn 1995). Such

endocrine disruptors (xenoestrogens or oestrogen mimics) are suspected of

promoting testicular and breast cancer (Sonnenschein & Soto 1998; Wiseman

1999), reproductive tract disorders, and a reduction in reproductive fitness

(Zacharewski 1997). There are many suspected environmental endocrine disruptors

in the environment and interactions among widely used chemicals are one of the

most critical problems to be addressed (Arnold et al 1997). It has been discovered

that some combinations of two or three xenoestrogens can be many times more

potent than either chemical alone in a synergistic manner (Keith 1997). However,

so far, only a limited amount of information on interactions among oestrogenic

compounds has been available. In addition, the quantitative analysis of com-

bination effects, which have been developed during the last 100 years in

pharmacology and related fields, has not yet been performed (Kortenkamp &

Altenburger 1998).

The aim of this study was to examine interactions of dyadic combinations of

some natural and synthetic oestrogenic compounds and analyse the types of

interactions. In a previous study (Suzuki et al 1998), we examined the effects of

simultaneous administration of some dyadic combinations of antioxidants or

vitamins and related agents on cellular proliferation of mouse leukaemia L5178Y

cells in-vitro. The combined action was analysed by an approach showing the type

and degree of interactions by response-surface diagrams. The mechanism-free
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method required a relatively small number of experi-

mental data compared with the conventional isobolo-

gram method or other approaches (Loewe 1953;

Chou & Talalay 1984; Pei et al 1997).

Materials and Methods

Cell line

Oestrogen receptor-positive MCF-7 human breast can-

cer cell line JCRB0134 (Japan Health Sciences Foun-

dation, Osaka, Japan) was used. Cells were maintained

in culture flasks containing Dulbecco’s modified Eagle’s

medium (DMEM including phenol red; BIO Whittaker,

MD) supplemented with 10% (v}v) fetal bovine serum

(ICN Biomedicals Inc., OH) and 1% penicillin}-

streptomycin (ICN Biomedicals, Inc., OH) at 37°C in

an atmosphere of 5% CO2}95% air under saturating

humidity.

Test chemicals

Commercial extra-graded reagents, 17β-estradiol (pu-

rity ; & 97.0%), estrone (& 98.0%), bisphenol A

(" 95.0%), butylbenzyl phthalate (" 99.0%), endo-

sulfan (99.4%), methoxychlor (" 97.0%) and penta-

chlorophenol (99.0%) were purchased from Wako

Pure Chemical Industries, Ltd (Osaka, Japan). They

were selected as representative agents based on the

classification of 60 oestrogenic compounds by their

physicochemical properties (Suzuki et al 1999, 2001).

All chemicals in dimethylsulfoxide (DMSO) were

stored at 4°C and added to culture media, phenol red-

free DMEM (ICN Biomedicals Inc., OH) supplemented

by 10% (v}v) fetal bovine serum. Just before use the

fetal bovine serum was treated with dextran (Phar-

macia-LKB, Uppsala, Sweden) -coated charcoal (Norit

A, acid washed; Sigma Chemical Co, St Louis, MO) to

remove all steroids (Stanley et al 1977).

The concentration of DMSO in test cultures never

exceeded the predetermined level of 0.1% (w}w), a

concentration which did not affect cell proliferation. An

equivalent amount of DMSO was added to all control

cultures.

Modified E-screen assay with MCF-7 cells

The E-screen assay was carried out, with slight modifi-

cations to the original protocol (Soto et al 1995). The

assaywasperformed in a96-well tissue culturemicrotitre

plate (Coaster, Cambridge, MA). The successful use of

96-well plates in E-screen assay has been reported

(Ko$ rner et al 1999). Six days later the assay was termi-

nated during the late exponential phase of proliferation

and the number of cells in each well was assessed by the

AlamarBlue assay (Lancaster & Fields 1996), by meas-

uring absorbance using an automated microplate reader

(Multiskan MS-UV; Labsystems, Helsinki, Finland) at

wavelengths of 570 nm and 600 nm. There was a repro-

ducible linear relationship between the measured ex-

tinction coefficient at 570 nm and the number of cells in

the range of 1¬105–1¬106 cells mL−1. This colorimetric

assay was much faster and easier to perform than direct

counting of cells.

Statistical analysis

Analysis of variance with Microsoft Excel was used to

determine whether there were significant differences (P

! 0.05) in cell proliferation or final cell concentrations

between treated and control cells. The response surface

modelling of the interaction of two agents was per-

formed using a statistical software program MINITAB

v13 (Minitab, Inc., State College, PA).

Results and Discussion

Response of MCF-7 cells to a single agent

The activity of the seven single agents capable of binding

to oestrogen receptor α (Waller et al 1996) was assayed

against MCF-7 cells in-vitro. The data on the dose–

response curves for the tested chemicals are summarized

in Figure 1. All agents tested caused significant effects (P

! 0.05) on the cellular proliferation or assay endpoints
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Figure 1 Oestrogenic activities of seven xenoestrogens in the MCF-

7 cell line in-vitro. Results are expressed by the ratio of the number of

cells in the test and control samples. Each chemical (data points) was

tested at least in three independent experiments each carried out in

triplicate.
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from the negative control. Although these may have

been specific to the conditions of the study (e.g. strain of

cell line, medium and}or serum, culture flask) as for the

other bioassay data, the relative potencies and effective

dose ranges for the compounds compared well with

those reported previously (Soto et al 1995; Balaguer et

al 1999).

The most potent proliferative chemical against this

cell line was 17β-estradiol (a positive control) with

estrone a close second. The maximum proliferation in

our system was achieved at a 17 β-estradiol dose of

2¬10−11 . The potencies of the other five man-made

agents were 1}10000 to 1}100000 that of the two natural

oestrogens 17β-estradiol and estrone, and their dose–

response curves were concentrated in a limited domain.

The relative low potencies of each of these synthetic

compounds might suggest that these chemicals alone

were unlikely to produce deleterious effects on man or

wildlife. However, these compounds occur as mixtures

in the environment and in organisms. The possible

bioaccumulating potency of many of these xeno-

estrogens has to be taken into account because of their

high lipophilicity. In theUK, itwas reported that natural

oestrogens such as 17β-estradiol or estrone were domi-

nant in sewage treatment plant effluents (Desbrow et al

1998). Therefore from a practical viewpoint, the inter-

actions of natural steroidal oestrogens with synthetic

chemicals should be considered.

Interaction of binary mixtures

The combined effects of nine pairs of agents ; 17β-

estradiol with six other agents (pentachlorophenol,

methoxychlor, endosulfan, butylbenzyl phthalate, es-

trone, and bisphenol A), estrone with bisphenol A,

butylbenzyl phthalate with endosulfan, and methoxy-

chlor with pentachlorophenol, are presented in Table 1.

A comparatively low concentration for each agent was

adopted in this combination study, because use at or

near the concentrations that produced maximal activity

may result in saturable effect.

The cell proliferation effect was evaluated as the ratio

of the number of cells in the test sample to those in the

control sample, as shown in Figure 1. The results

revealed that the concentration or the ratio of agents

were important determinants in modulating responses

with mixtures of chemicals as well as the combinations

of agents. Although a synergistic cell proliferation could

be seen with some dose combinations of 17β-estradiol

plus pentachlorophenol and 17β-estradiol plus bis-

phenol A, a graphical method for assessing the inter-

actions of the binary mixtures of agents would be useful.

Evaluation of interaction

To assess the interactions between two agents a graphi-

cal method was used to analyse the data shown in Table

1 (Suzuki et al 1998). Since the original method was for

treating cell growth inhibition, a modification approach

was used.

The synergistic index SI was defined as SI¯
EA+B(obsd)}EA+B(cald), where EA+B(obsd) was the ob-

served or real effect of AB and EA+B(cald) was the

calculated or expected effect of AB on the basis of the

effects of the individual agents. When synergism (poten-

tiation) occurred, SI" 1; when additivity or zero

interaction occurred, SI¯ 1; and in other cases, in-

cluding antagonism, SI! 0.

In this study, it was postulated that the expected effect

of EA+B(cald) could be expressed based on the effect-

multiplication criterion (Eppstein & Marsh 1984;

Connell et al 1985; Veckenstedt et al 1987), where the

combined effect of two agents was thought to be the

product of the effects of the single compounds, using the

cell proliferation rate. For example, a cell proliferation

rate of 1.2 for both agents would give, according to

effect-multiplication, a value of 1.44 (¯ 1.22) for

EA+B(cald). The response SI could be considered as

a function of the doses of two agents and the unknown

response function could be postulated as continuous

and multiply differentiable with respect to the exper-

imental variables in the explored domain. Under these

conditions, the interrelationship between SI and doses

was established through a response surface model of a

quadratic polynomial (Suzuki et al 1998;Ezure&Suzuki

2001).

The contour plots generated from the analysis of the

data in Table 1 are represented in Figure 2, where the

doses of the two agents have been given on the x- and y-

axes, and SI values were described by contour lines,

respectively. Only three strongly interacting com-

binations, β-estradiol with pentachlorophenol (Figure

2A), butylbenzyl phthalate (Figure 2B) and bisphenol A

(Figure 2C) are shown. The contour plots were made

from the following quadratic response surface models

by multiple regression analysis :

β-estradiol (dA)pentachlorophenol (dB) ;

SI¯®0.0499 dA0.00133 dB®4.1¬10−5 dA dB

0.00211 dA
25.0¬10−7 dB

21.07 (1)

n¯ 16, r¯ 0.814, s¯ 0.21

β-estradiol (dA)butylbenzyl phthalate (dB) ;

SI¯®0.0802 dA®0.00108 dB1.0¬10−6dAdB

0.00559 dA
2 1.9¬10−6 dB

20.91 (2)

n¯ 16, r¯ 0.909, s¯ 0.05
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Table 1 Cell proliferation of simultaneous administration of dyadic combinations of xenoestrogens in the

MCF-7 cell line in-vitro.

β-Estradiol (p)

Pentachlorophenol (n) 0 1 2 4 10

0 1.00³0.04 1.02³0.06 1.25³0.10 1.40³0.10 1.55³0.11

10 1.01³0.04 1.08³0.06 0.98³0.09 1.33³0.10 1.30³0.13

40 1.02³0.06 1.27³0.08 1.36³0.06 1.04³0.13 1.54³0.12

100 1.13³0.05 1.46³0.10 1.33³0.05 1.35³0.20 1.16³0.11

400 1.20³0.06 1.57³0.12 2.47³0.15 2.97³0.30 2.12³0.18

β-Estradiol (p)

Methoxychlor (n) 0 1 2 4 10

10 1.01³0.05 0.99³0.05 1.06³0.06 1.42³0.08 0.67³0.08

40 1.02³0.05 0.82³0.05 0.96³0.05 1.64³0.11 0.64³0.07

100 1.11³0.05 0.73³0.06 0.65³0.05 0.66³0.05 0.79³0.05

400 1.25³0.06 0.68³0.05 0.75³0.05 0.72³0.05 1.00³0.05

β-Estradiol (p)

Endosulfan (n) 0 1 2 4 10

10 1.02³0.05 0.95³0.05 0.98³0.04 0.99³0.05 1.11³0.05

40 1.03³0.05 0.62³0.28 0.94³0.07 0.97³0.05 1.36³0.08

100 1.25³0.06 1.08³0.06 1.23³0.09 1.16³0.06 1.41³0.11

400 1.44³0.08 1.21³0.09 1.18³0.06 1.29³0.10 1.43³0.07

β-Estradiol (p)

Butylbenzyl phthalate (n) 0 1 2 4 10

10 0.96³0.05 0.89³0.05 0.86³0.05 0.79³0.05 0.97³0.05

40 1.04³0.05 0.80³0.06 0.95³0.05 0.97³0.06 1.05³0.05

100 1.18³0.05 0.88³0.05 0.98³0.05 1.03³0.06 1.02³0.05

400 1.32³0.06 0.94³0.06 1.08³0.06 1.08³0.06 1.11³0.05

β-Estradiol (p)

Estrone (p) 0 1 2 4 10

1 1.06³0.05 0.84³0.05 0.82³0.06 0.83³0.05 1.17³0.05

4 1.09³0.05 0.73³0.05 0.76³0.05 0.77³0.10 0.88³0.12

10 1.13³0.06 0.74³0.06 0.86³0.05 1.27³0.15 1.48³0.11

40 1.31³0.06 1.73³0.10 1.74³0.13 1.75³0.11 1.13³0.07

β-Estradiol (p)

Bisphenol A (n) 0 1 2 4 10

10 0.98³0.04 1.13³0.06 1.10³0.08 0.88³0.10 0.75³0.09

40 1.05³0.04 0.77³0.06 0.95³0.15 1.73³0.13 1.14³0.11

100 1.15³0.05 1.44³0.11 3.31³0.25 2.44³0.15 2.21³0.25

400 1.22³0.06 3.40³0.38 3.88³0.41 5.89³0.35 2.34³0.24

Bisphenol A (n)

Estrone (p) 0 10 40 100 400

1 1.06³0.04 0.86³0.04 0.70³0.05 0.79³0.03 0.80³0.05

4 1.09³0.05 0.87³0.05 0.95³0.05 0.82³0.04 0.82³0.10

10 1.12³0.06 0.93³0.05 0.94³0.05 0.98³0.05 0.96³0.07

40 1.31³0.08 0.87³0.08 0.93³0.06 0.93³0.05 1.12³0.06

Endosulfan (n)

Butylbenzyl phthalate (n) 0 10 40 100 400

10 1.02³0.05 0.94³0.05 0.96³0.05 0.92³0.05 0.97³0.05

40 1.02³0.05 0.86³0.05 0.92³0.06 1.10³0.04 1.26³0.05

100 1.25³0.05 1.01³0.05 1.01³0.05 0.93³0.05 1.01³0.06

400 1.44³0.07 0.99³0.05 0.98³0.05 1.24³0.05 1.32³0.08

Pentachlorophenol (n)

Methoxychlor (n) 0 10 40 100 400

10 1.01³0.05 1.16³0.04 1.18³0.05 1.10³0.05 1.13³0.05

40 1.01³0.05 1.19³0.07 1.11³0.05 1.13³0.06 1.08³0.07

100 1.06³0.05 1.22³0.10 1.30³0.08 1.29³0.06 1.26³0.08

400 1.25³0.06 1.15³0.04 1.21³0.05 1.22³0.06 1.20³0.08

Results are expressed as the ratio of the number of cells in the test and control samples (mean³s.e.m.).

Each value is the mean of three independent experiments with three replicates.
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Figure 2 Contour plots showing the variation of the synergistic index (SI) as a function of doses of agents of β-estradiol in combination with

(A) pentachlorophenol, (B) butylbenzyl phthalate and (C) bisphenol A. SI values equal to, greater than, or smaller than unity were evaluated

as zero interaction, synergism, or antagonism, respectively. Full contour lines show positive SI regions and broken lines show negative regions.

β-estradiol (dA)bisphenol A (dB) ;

SI¯ 0.247 dA0.0124 dB®3.62¬10−4dAdB

®0.0234 dA
2®1.53¬10−5 dB

20.24 (3)

n¯ 16, r¯ 0.916, s¯ 0.42

In the above equations, dA and dB are the doses of agents

A and B, n is the number of data points, r is the

correlation coefficient, and s is the standard deviation.

As can been seen from these equations, fairly high

r-values were found in all nine combination cases.

For other combinations, r-values of 0.814–0.964 and

s-values of 0.05–0.2 were observed.

It should be noted that the SI values shown in the

diagram were just statistically determined values with

inherent uncertainty. Accordingly, for the experimental

uncertainty (see Table 1) and s-values from the above

treatments, an uncertainty of around 0.2 in SI should be

taken into account for judging the presence or absence

of synergy.

This diagram clearly showed regions of synergism,

antagonism or zero interaction within the dose range

under study.Theprojections shown inFigure 2 indicated

that within the range of doses studied the combinations

of 17β-estradiol with pentachlorophenol and 17β-estra-

diol with bisphenol A exhibited synergism as suggested

in Table 1, whereas butylbenzyl phthalate appeared to

antagonize the natural oestrogen. The combination

methoxychlor with pentachlorophenol was a zero in-

teraction combination (SI¯ 1.0–1.1) and the remaining

pairs were weak antagonistic combinations. Weak syn-

ergism (SI¯ 1.1–1.4) between 17β-estradiol and penta-

chlorophenol could be observed in a limited dose com-

bination region. For some dose combinations of 17β-

estradiol and estrone, synergistic activity in yeast ex-

pressing human oestrogen receptor has been observed

(Arnold et al 1997), although synergy was not observed

with the mixture in this study. To the best of our

knowledge, the in-vitro activities of the other eight

combinations of binary mixtures examined have not

been reported.

The oestrogenic effects observed were mediated by

oestrogen receptor. According to the data of the crystal

structure of oestrogen receptor-α (Brzozowski et al

1997), the gap of the ligand binding domain was much

larger than the natural ligand 17β-estradiol required, so

there was space for a variety of other molecules to

interact with the receptor. A structurally-diverse assort-

ment of 60 xenoestrogens was classified into four

clusters using both principal component analysis and

hierarchical cluster analysis based on their physico-

chemical properties, and a dendrogram showing the

similarities of the agents was derived (Suzuki et al 2001).

According to the dendrogram (compounds within a

cluster would be expected to show a similar binding

ability to oestrogen receptor), bisphenol A and estrone

were included in the same cluster including 17β-estradiol

and five other compounds were in other clusters. The

distances from 17β-estradiol were in the order: estrone

!bisphenol A! endosulfan!butylbenzyl phthalate

!methoxychlor!pentachlorophenol. The closer the

distance, the more similar were the mechanisms or

driving forces to oestrogen-receptor binding. It might

be believed that two similar agents have common bind-

ing sites in most cases. In synergistic interactions of 17β-

estradiol with bisphenol A, the observed effect might

suggest that the oestrogen receptor contained multiple

estrogen-binding sites and that the interaction of
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oestrogen receptor with two different chemicals could

produce synergistic transactivation (Arnold et al 1997). It

also seemed likely that some agents induced the creation

of extra receptor sites in the cell. Further studies are

required to clarify the mechanismof interaction between

17β-estradiol and bisphenol A.

Conclusions

The modified E-screen assay was applied to test the

interactions of binary mixtures from seven known

oestrogenic compounds. The nature of the interactions

changed with altered exposure concentrations. The

combination of 17β-estradiol and bisphenol A markedly

enhanced cell proliferation. The mixture produced an

activity approximately 2.5-fold higher than expected at

some dose combinations. The elucidation of the mech-

anism would be important for understanding how

such combinations of natural and synthetic oestrogens

could affect the cellular proliferation of MCF-7 cells

in-vitro.
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