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ABSTRACT1)

To evaluate the estrogenic activities of several
chemicals such as 17β-estradiol (E2), ρ-nonylphenol,
bisphenol A, butylparaben, and combinations of these
chemicals, we used recombinant yeasts containing the
human estrogen receptor [Saccharomyces cerevisiae ER
+ LYS 8127]. We evaluated E2 was most active in the
recombinant yeast assay, followed by ρ-nonylphenol,
bisphenol A, butylparaben. The combinations of some
concentrations of 17-estradiol as a strong estrogen
and bisphenol A or butylparaben as a weak estrogen
showed additive estrogenic effects. Also, the com-
binations of some concentrations of nonlyphenol and
butylparaben and combination of butylparaben and
bisphenol A showed additive effects in the estrogenic
activity.
Therefore, the estrogenic activities of the com-

binations of two chemicals were additive, not sy-
nergistic.
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INTRODUCTION
There has been increasing public concern that chemicals

in the environment are affecting human health by disrupting
normal endocrine function, particularly through interaction
directly with steroid hormone receptors. The exposure to
these chemicals with steroid-like activity can disrupt normal
endocrine function leading to alter reproductive capacity,
infertility, endometriosis, and breast and uterine cancer [1,
2, 3, 4, 5, 6]. A wide variety of chemicals have steroid-like
activity, including natural products such as coumestrol and
genistein, pesticides and fungicides such as DDT and
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commercial chemicals such as bisphenol A andρ-nonylphenol
[7, 8, 9, 10, 11, 12, 13]. Because of the widespread nature
of these chemicals, a certain degree of exposure is unavoidable.
Thus, it is necessary to determine whether exposure to
these chemicals at environmentally relevant concentrations
poses a threat to human health.

Bisphenol A is a monomer in polycarbonate plastics and
constituent of epoxy resins that are used extensively in the
food-packaging industry and in dentistry. Microgram amounts
of bisphenol A have been detected in liquid from canned
vegetables [21] and in the saliva of patients treated with
dental sealants [22]. Estrogenic activity of bisphenol A has
been shown in culture experiments where bisphenol A
induced expression of estrogen-responsive genes and promoted
proliferation in MCF-7, a breast cancer cell line [8]. In
sewage sludge, ρ-nonylphenol is degraded from alkylphenols
which are included in plastics such as polyvinylchloride
(PVC) and polystyrene used in the food processing and
packaging industries as plasticizers [23]. ρ-nonylphenol may
leak from plastics and contaminates water flowing through
PVC tubing. ρ-nonylphenol is also used in the synthesis of
surfactants such as nonoxyphenol, a compound present in
intravaginal spermacides. Furthermore,ρ-nonylphenol is leaked
from autoclaved plastic, which increases cell growth and
progesterone receptor expression of mammary tumor cells
[26], and modulates the estrogenic effect in fish hepatocytes
[27]. ρ-nonylphenol binds to isolated rat uterine estrogen
receptor [24] and is weakly active in in vitro estrogen
receptor transcription assay [25]. Alone or in combinations
with other compounds, esters of 4-hydroxybenzoic acid, such
as methyl, ethyl, propyl, and butyl 4-hydroxybenzoate commonly
known as parabens are comprehensively used in preservation
of cosmetics [30]. In an in vitro yeast-based estrogen assay
and in vivo assay, the four most widely used parabens
(namely methyl-, ethyl-, propyl-, and butylparaben) were all
found to be weakly estrogenic [28, 29]. The low potencies of
these compounds including ρ-nonylphenol, bisphenol A and
butylparaben, when studied singly, suggest that they may
have a little effect on biological systems. However, com-
binations of two weak environmental estrogens or combi-
nations of a weak estrogen and a strong estrogen need to be
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evaluated. Furthermore, the activity of combinations of
estrone, 17β-estradiol or 17ρ-estradiol in yeast strains
expressing human estrogen receptor (hER) was synergistic
at submaximal concentrations [14].

In the present studies, we examined whether there were
synergistic or additive effect in the combinations of binary
mixtures of four chemicals using the recombinant yeast
assay.

Materials and Methods

Chemicals
ρ-nonylphenol was obtained from Kanto Chemical Co.

Inc. (Japan). 17β-estradiol, bisphenol A, and butylparaben
were purchased from Sigma Chemical Co. (St. Louis, MO).

Yeast strain
The Saccharomyces cerevisiae ER + LYS 8127 were

obtained from Dr. Donald P. McDonnell (Duke University
Medical Center, USA). This yeast strain was used for the
estrogenicity assay.

Growth of yeast for the estrogenicity assay
The Saccharomyces cerevisiae ER + LYS 8127 cells were

grown in a shaking incubator at 30°C with 300 rpm in a
selective growth medium containing yeast nitrogen base
without amino acid (67 mg/ml), 1% dextrose, L-lysine (36 μ
g/ml), L-histidine (24μg/ml). Following two days culture,
the yeasts were then allowed to grow until OD values at
600 nm reached between 1.0 and 2.0.

Treatment of chemicals
For the estrogenicity assay, the yeast cells were diluted

to an OD600nm value of 0.03 in selective medium plus 50μM
CuSO4 to induce receptor production. The diluted yeasts
were aliquoted into 50-ml conical tube (5 ml/tube) and 5μl
of each test chemical or combination in DMSO (0.1%) were
added. The cultures were incubated for 18 h in a shaking
incubator at 30°C with 300 rpm.

β-Galactosidase assay
After incubation the yeast culture samples were diluted

in the appropriate selective medium to an OD600nm value of
0.25 and 100μl was added to each well of a 96-well
microtiter plate. Each sample was assayed in quadruplicate.
β-Galactosidase activity was induced by the addition of 100
μl of a Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10
mM KCl, 1 mM MgSO4, pH 7.0) containing 2 mg/ml
0-nitrophenyl-β-D-galactopyranoside (ONPG), 0.1% sodium
dodecyl sulfate, 50 mM β-mercaptoethanol, and 200 U/ml
oxalyticase (Enzogenetics, Cornavillis, OR). The OD420nm and
OD590nm values of each well were measured using Titertek
Multiscan MCC/344 plate reader after allowing the tube to
stand for 20 min. The OD420nm value of each well was
corrected by subtracting the OD590nm value.

Results

1) The estrogenicity of each chemicals
The Saccharomyces cerevisiae ER+ LYS yeast strain

containing hER and an estrogen-specific reporter was used
to examine the activity of the estrogens (17β-estradiol,
bisphenol A, nonylphenol and butylparaben). Incubation of
yeast with increasing concentrations of estradiol induced a
dose-dependent increase in β-galactosidase activity (Fig. 1).
The activity of 17β-estradiol was maximum at 1 nM. The
activity of butylparaben, nonylphenol and bisphenol A was
1/5,000

th
,1/10,000

th
,1/20,000

th
, that of 17β-estradiol, respectively.

The activity of the four estrogenic chemicals in yeast strain
hER-ERE is consistent with the activity of these estrogens
in Saccharomyces cerevisiae strain BJ3505 [15].

Fig. 1. Estrogenic activity of xenobiotics in Yeast
recombinant assay. Saccharomyces cerevisiae ER+ LYS 8127
was grown for 18h in the presence of the estrogens at
concentrations ranging from 5 X 10

-4
M to 1 X 10

-11
M. The

induction of β-galactosidase was determined by OD420nm. □
: ρ-Nonylphenol; • : Bisphenol A ; □ : Butylparaben; □
: 17β-Estradiol.

2) The estrogenicity in the combination of the
strong estrogen and the weak estrogen

The activity of combinations of estrogenic compounds was
investigated by generating dose-response relationships with
one estrogen in the presence of a single dose of a second
estrogen. Combinations of some concentrations of 17-β
estradiol as a strong estrogen and bisphenol A as a weak
estrogen showed additive estrogenic effects (Fig. 2). For
example, 0.1 nM 17-βestradiol and 10μM bisphenol A
showed 0.424 in OD420nm . A predicted OD420nm value of
0.421 would have been observed if the two estrogens were
additive. Thus, the combination of 0.1 nM 17β-estradiol
and 10μM bisphenol A produced a slight synergistic effect.
Even though it implies that results produced effects greater
than the sum of the parts, these effects are not synergistic.
Also, additive effect was observed with the combinations of
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17β-estradiol and butylparaben (Fig. 3).

Fig. 2. Estrogenic activity of combinations of xenobiotics in
yeast recombinant assay. Saccharomyces cerevisiae ER+
LYS 8127 was grown for 18 h in the presence of 17-β
estradiol or bisphenol A alone and in combinations at
increasing concentrations. The induction of -galactosidase
was determined by OD420nm.

Fig. 3. Estrogenic activity of combinations of xenobiotics
in yeast recombinant assay. Saccharomyces cerevisiae ER+
LYS 8127 was grown for 18 h in the presence of 17-β
estradiol or butylparaben alone and in combinations at
increasing concentrations. The induction of β-galactosidase
was determined by OD420nm.

3) The estrogenicity in the combination of two
weak estrogens.

The combinations of some concentrations of nonlyphenol
and butylparaben as a weak estrogen (Fig. 4) and combination
of butylparaben and bisphenol A (Fig. 5) showed additive

effects in the estrogenic activity. However, the combinations
of two estrogens at the high concentration produced lower
estrogenic effects than that expected by summing the
individual activities.

Fig. 4. Estrogenic activity of combinations of xenobiotics
in yeast recombinant assay. Saccharomyces cerevisiae ER+
LYS 8127 was grown for 18 h in the presence of
nonylphenol or butylparaben alone and in combinations at
increasing concentrations. The induction of β-galactosidase
was determined by OD420nm.

Fig. 5. Estrogenic activity of combinations of xenobiotics
in yeast recombinant assay. Saccharomyces cerevisiae ER+
LYS 8127 was grown for 18 h in the presence of bisphenol
A or butylparaben alone and in combinations at increasing
concentrations. The induction of β-galactosidase was
determined by OD420nm.
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Disscussion

Previous studies have demonstrated that 17β-estradiol is
strongly estrogenic and bisphenol A, nonylphenol and
butylparaben are weakly estrogenic in the same assay
system [16]. Similar results were observed in the present
study at a single compound, respectively (Fig. 1).

Arnold et al. has reported that the binary mixtures of 17
β-estradiol and 17-estradiol interacted synergistically in
yeast strains expressing hER. The activity of combinations
of estrone was synergistic at submaximal concentrations
(1nM) of 17β-estradiol [14]. It was hypothesized that the
synergistic interactions may be due to two different binding
sites on the Estrogen Receptor (ER) where binding to the
second site enhances activity of the ER as a ligand-induced
transcription factor [17]. Although the chemicals are
different, Harris et al. [20] reported that the estrogenic
activity of phthalate esters as weakly estrogenic compounds
in vitro didnt produce synergistic effects but additive effects.
Also, other studies have reported that synergistic interactions
of the organochlorine pesticides as endocrine disruptors were
not observed in several estrogen-responsive assays [18, 19].
Therefore, the concentration-dependent interactions of binary
mixtures of four estrogens (17-βestradiol, bisphenol A,
nonylphenol and butylparaben) as endocrine disruptors like
some of organochlorine pesticides were investigated in the
recombinant yeast assay. Combinations of some concentrations
of a strong estrogen and a weak one produced a slight
synergistic effects in reporter activity at the low concentrations
(Fig. 2 and 3) and combinations of some concentrations of
two weakly estrogenic compounds produced a slight synergistic
effects in estrogenic activity at the low concentrations (Fig.
4 and 5). Even though some combinations of some low
concentrations of estrogenic compounds produced greater
effect than the sum of the parts in this recombinant yeast
assay, synergistic interactions of the binary mixture were not
observed. Also, some combinations of high concentrations of
estrogenic compounds showed lower than additive effect in
recombinant yeast assay.

Results from this study demonstrate that synergistic
interactions of two weakly estrogenic compounds or weak
estrogen and strong one are not observed in this recombinant
yeast assay at low concentrations. ER expression may play
an important role in the estrogenic activity of chemical
mixtures. Because two estrogenic chemicals bind to ER
competitively and in the limited ER expression of cells,
ER-ligand binding will be saturated at the combination of
some concentrations. However, before saturation of ER
concentration, both two estrogenic chemicals combined at
each low concentration can bind ER.

Thus, we have shown that some combinations of
estrogens have additive effects, not synergistic effects in
recombinant yeast system expressing hER.
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