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A B S T R A C T

The environmental risks of environmental estrogens (EEs) are often assessed via the same mode of action in the
concentration addition (CA) model, neglecting the complex combined mechanisms at the genetic level. In this
study, the cell proliferation effects of estrone, 17α-ethinylestradiol, 17β-estradiol, estriol, diethylstilbestrol,
estradiol valerate, bisphenol A, 4-tert-octylphenol and 4-nonylphenol were determined individually using the
CCK-8 method, and the proliferation effects of a multicomponent mixture of estrogenic chemicals mixed at
equipotent concentrations using a fixed-ratio design were studied using estrogen-sensitive MCF-7 cells.
Furthermore, transcription factors related to cell proliferation were analyzed using RT-PCR assays to explore the
potential molecular mechanisms related to the estrogenic proliferative effects. The results showed that the es-
trogenic chemicals act together in an additive mode, and the combined proliferative effects could be predicted
more accurately by the response addition model than the CA model with regard to their adverse outcomes.
Furthermore, different signaling pathways were involved depending on the different mixtures. The RT-PCR
analyses showed that different estrogens have distinct avidities and preferences for different estrogen receptors
at the gene level. Furthermore, the results indicated that estrogenic mixtures increased ERα, PIK3CA, GPER, and
PTEN levels and reduced Akt1 level to display combined estrogenicity. These findings indicated that the po-
tential combined environmental risks were greater than those found in some specific assessment procedures
based on a similar mode of action due to the diversity of environmental pollutions and their multiple unknown
modes of action. Thus, more efforts are needed for mode-of-action-driven analyses at the molecular level.
Furthermore, to more accurately predict and assess the individual responses in vivo from the cellular effects in
vitro, more parameters and correction factors should be taken into consideration in the addition model.

1. Introduction

The water ecological system is the ultimate sink of many environ-
mental pollutants. With the development of new analytical methods, an
increasing number of environmental pollutants identified as endocrine
disrupting chemicals (EDCs) (Sumpter, 2005) have been detected at low
levels (Petrovic et al., 2004). EDCs interfere with the function of the
endocrine system by blocking or mimicking the normal effect of hor-
mones and affecting their synthesis or metabolism in wildlife and hu-
mans (Diamanti-Kandarakis et al., 2009). Steroid estrogens (both nat-
ural and synthetic), also known as environmental estrogens (EEs), have
raised concerns because of their non-negligible estrogenic (Peng et al.,
2006) and adverse toxic effects on aquatic organisms (Zha et al., 2007).

EEs are ubiquitous and concomitant in our environment because of
their seemingly endless number of users and origins in residential, in-
dustrial and agricultural fields (Boyd et al., 2003; Desbrow et al., 1998).
Previous observations have indicated that estrogenic chemicals could
promote cell proliferation by binding to estrogen receptors (ERs)
(Razandi et al., 1999), and also activate membrane receptor signaling
pathways and second messengers (Aronica et al., 1994; Bunone et al.,
1996; Chan et al., 2010; Filardo et al., 2000), inducing the expression of
intracellular signaling enzymes and gene transcription. Organisms are
constantly exposed to a variety of environmental pollutants, which
result in complex molecular mechanisms of toxicity; these exposures
may increase the combined toxicity of EEs and cause serious harm (Mu
and Leblanc, 2004; Payne et al., 2001; Rajapakse et al., 2004). The
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increasing amounts of EEs coexisting in the aquatic environment are
believed to pose great environmental risks even at a low concentration
(ng/L) (Hotchkiss et al., 2008; Vandenberg et al., 2012).

The concentration-response curve of the biological effects of EEs is
generally S-shaped, but the combined effects cannot be determined by
the simple additive mode because it is unable to reflect whether com-
ponents act in an additive, antagonistic, or synergistic manner with one
another (Daston et al., 2003). Thus, the choice of the dose addition
model appears to be appropriate since most studies have been based on
an endpoint model, and many analyses of EDCs have utilized the dose
addition or concentration addition approach in joint toxicity studies
(Charles et al., 2002a, 2002b; Crofton et al., 2005; Rajapakse et al.,
2004). The concentration addition (CA) model and response addition
(RA) model are the two classical concepts that allow calculating the
expected mixture toxicity based on the toxicities of the individual
compounds and their concentrations in the mixture. Furthermore, sy-
nergism or antagonism of the components in a mixture can be identified
if the observed toxicity of the mixture deviates from the prediction by
the CA or RA model (Liu et al., 2013). The CA model assumes that all
the components have a similar mode of action (MoA) competitively and
independently and can rationally interpret the sham combination, thus
causing the same outcome (Loewe, 1928). The RA model assumes that
the mixed components act on different subsystems (tissues, cells, mo-
lecular receptors) of the exposed organism and affect the end point
under observation independently (Bliss, 1939). Generally, the observed
combined effects of multi-component mixtures are almost perfectly
depicted by the predictions from the CA model for mixtures with similar
modes of action and the RA model for those with dissimilar modes of
action. However, the biological effects of many EEs are weak given the
actual individual environmental concentrations, but the combined ef-
fects are significant in the presence of other pollutants (Silva et al.,
2002), because one component, which by itself cannot induce the es-
tablished effect but can modify the responses of interest, is provoked by
another component in the mixture. Since the structures of estrogen
receptors are very similar in different organisms, EEs can disturb the
endocrine system of many species in the ecosystem by binding to es-
trogen receptors (Brzozowski et al., 1997). The use of the term “ad-
ditivity” in mixture toxicology causes much confusion, partly because it
is not always synonymous with additivity in the mathematical sense at
a relatively low concentration (Kortenkamp, 2007). Therefore, how to
predict and assess the combined effects of low concentration estrogenic
chemicals in environmental media and human tissues has been a dif-
ficult and attractive project in the environmental field and requires
more attention to clarify the possible health risks (Backhaus and Faust,
2012; Spurgeon et al., 2010; Vacchi et al., 2013).

The RA, as well as the CA model, assumes that there are no inter-
actions between the components in a mixture, that is, they do not in-
fluence one another's uptake, distribution or metabolism in the exposed
organisms. Therefore, the CA model is often considered as the standard
additive model for the toxicity prediction of chemical mixture. This
model was shown to be effective in toxicity analyses of EEs by a yeast
two-hybrid assay (Silva et al., 2002; Yang et al., 2015), an estrogen
receptor binding bioassay (Yang et al., 2014), and some human breast
cancer cell proliferation assays (Rajapakse et al., 2004) in vitro. Mean-
while, RA model was used when any component in the mixture showed
dissimilar modes of actions (Bliss, 1939). In vitro assays can be useful
for a first screening of mixture toxicity of EEs, consequently allowing
the assessment of toxic joint effects across a wider range of mixture
effect levels and ratios. This study was designed to investigate the
combined proliferation effects of multiple estrogenic chemicals in-
dividually and intuitively; to identify a reliable model for the assess-
ment and prediction of environmental estrogenic risk, especially at
environmentally relevant concentrations; and to explore the diverse
estrogenic signaling pathways related to cell proliferation. In the pre-
sent study, an E-screen assay was adopted for large-scale screening of
suspected estrogenic chemicals (Colborn and Clement, 1992), and MCF-

7 cells were used as target cells because of their widely acknowledged
estrogen sensitivity (Soto and Sonnenschein, 1985). The CA and RA
models were used to predict the combined action of an estrogen mix-
ture. Based on these model, RT-PCR was used to explore the gene ex-
pression levels related to cell proliferation, to detect the related tran-
scription factors that were activated by estrogenic signaling, to explain
the molecular mechanisms of cell proliferation induced by estrogenic
chemicals in MCF-7 cells, and to provide a theoretical basis for the
environmental risk assessment of composite pollutants at en-
vironmentally relevant concentration by determining the specific
transcription factors that were crucial for the estrogenic response of
EEs.

2. Materials and methods

2.1. Chemicals

All chemicals, including estrone (E1, 99%), 17α-ethinylestradiol
(EE2, 98%), 17β-estradiol (E2, 99%), estriol (E3, 98.5%), diethyl-
stilbestrol (DES, 99%), estradiol valerate (EV, 98%), bisphenol A (BPA,
96%), 4-Tert-octylphenol (4-t-OP, 97%) and 4-nonylphenol (4-NP, a
mixture of branched chain isomers), were purchased from J&K (Beijing,
China), and dimethyl sulfoxide (DMSO, 99.5%) was purchased from
Sigma Aldrich (St. Louis, MO, USA). Other chemicals were of analytical
purity and were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the test chemicals were dissolved in DMSO and
stored below − 20 °C.

2.2. Cell culture and reagents

The human breast cancer cell line MCF-7 was purchased from the
Cell Bank of Type Culture Collection of the Chinese Academy of
Sciences, Shanghai Institute of Cell Biology (Shanghai, China). The cells
were grown in Dulbecco's modified Eagle's medium (DMEM, HyClone,
Shanghai, China) supplemented with 10% fetal bovine serum (PAN
Biotech Ltd., Aidenbach, Germany), a 1% penicillin-streptomycin mix-
ture (10,000 U/mL, HyClone, Logan, UT, USA), and 0.5% amphotericin
B (25 μg/mL, Amresco, Solon, OH, USA) at 37 °C in a humidified in-
cubator (Panasonic, Ehime-ken, Japan) with 5% CO2. Cells were pas-
saged every 4 days and used for experiments in exponential growth
phase.

2.3. Cell proliferation assay

Cell proliferation assays were conducted using the method de-
scribed by Flor et al. (2016) which was designed to test the estrogeni-
city of chemicals. MCF-7 cells were harvested by trypsinization, dis-
pensed at 4000 cells/200 μL/well in tissue culture 96-well plates
(Corning 3599) in hormone-free medium (phenol-red free DMEM with
charcoal dextran treated serum) and cultured for 24 h to allow the cells
to attach and eliminate endogenous hormones. Then, fresh hormone-
free medium containing different concentrations of EEs was supple-
mented and co-incubated for 96 h. All the compounds were dissolved in
DMSO and added to the medium at the indicated concentrations with a
final concentration did not exceed 0.5% (v/v). After exposure to EEs for
96 h, the assay was stopped by removing the medium from the wells,
the cells were carefully washed with phosphate buffered saline (PBS),
and then, 10 μL of Cell Counting Kit-8 (Dojindo, Tokyo, Japan) stock
solution was diluted by 100 μL hormone-free medium per well and
added to cell culture medium. The plates were then incubated at 37 °C,
5% CO2 for 2–3 h. Finally, absorbance of each well was determined
with a microplate reader (M200, Tecan, Mannedorf Switzerland) at a
450 nm wavelength. Each 96-well plate had a positive control
(1× 10−10 mol/L E2) and a control (DMSO) in triplicate, which were
used to keep the absorbance in the same scope. All experiments were
repeated at least 3 times, and the results shown are representative of
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similar findings.

2.4. Data analysis for proliferation rates

Similar to our previous study (Yang et al., 2014), the proliferation
rates of estrogenic chemicals were calculated using Eq. (1):

= ×U OD s OD b OD p OD b( 450 – 450 )/( 450 – 450 ) 100% (1)

where U is the proliferation rate, and OD s450 , OD b450 , and OD p450 are
the absorbance values of the sample, the negative control and the po-
sitive control at 450 nm, respectively.

Concentration–response curves were constructed and analyzed
using regression analysis in SigmaPlot 12.5 (SPSS Inc., Chicago, IL,
USA). The four parameters’ logistic function was selected for the re-
gression because of the good fit of the original data, which can be ex-
pressed as Eq. (2):

= + − +
−

E b a b x
x

e( )/(1 (
0

)* )
p

(2)

where E is the proliferation rate; x is the concentration of test agent;
and a, b, x0, and p are the four parameters that represent the maximum
effect, the minimum effect, the concentration for the half-maximum
effect (EC50), and the slope parameter of the concentration–response
curve, respectively.

2.5. Calculation of predicted combined effects

For prediction of the combined effects of mixtures, two classic non-
interaction models, the CA and RA models, were used to fit the ob-
served combined estrogenic effects. The CA model is commonly ex-
pressed as Eq. (3):

∑= ⎛
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⎜
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(3)

where ECxmix and ECxi are the concentrations in the mixture and of the
ith component, respectively, which produces effect x , and pi is the
concentration proportion calculated by = ∑pi ci ci/ (Backhaus et al.,
2000).

The RA model can be expressed using Eq. (4):

∏= − −
=

E c E ci( ) 1 (1 ( ))mix
i

n

1 (4)

where E c( )mix and E c( )i are the effects of the whole mixture and the i th
component, respectively, and cmix is the sum of the concentrations of all
components (Faust et al., 2003).

Calculating the expected mixture effect for the two classic models
that make up the base set of data (e.g., mortality, growth, and

proliferation) relies on knowledge of the individual effects. ECxmix [in
Eq. (3) and E c( )mix (in Eq. (4)) usually require that the con-
centration−response curves of all individual toxicants are known and
that the effect of each compound if applied singly at the concentration
at which it is present in the mixture is known.

2.6. RNA extraction and RT-PCR

To study the possible MoAs by which estrogen acts at the gene level,
we analyzed some frequently used ERs by RT-PCR to explore the po-
tential gene expression changes related to cell proliferation. Confluent
MCF-7 cells were treated for 96 h with estrogenic chemicals in DMSO in
6-well plates (Corning 3516). Total RNA was extracted from cells using
TRIzol reagent (Life Technologies, USA) according to the standard
protocol. The quantities and qualities of isolated RNAs were evaluated
using absorbance measurements at 260 and 280 nm by Nanodrop
equipment. Total RNA (2 μg) was reverse-transcribed in 20 μL of a re-
action mixture containing reverse transcription buffer, deoxynucleotide
triphosphate mixture and reverse transcriptase using the Fast Quant RT
Kit (with gDNase) (TIANGEN, Beijing, China) at 42 °C for 3min, 42 °C
for 15min and 95 °C for 3min. Then, the target cDNA was amplified
using primer pairs for the selected ER. β-actin was used as the internal
standard. The ER primers were synthesized commercially by Biomed
Biotechnology Company (Beijing, China; see Table 1). RT-PCR was
performed on the MxPro QPCR system (Bio-Rad, Inc.) using SuperReal
PreMix Plus (SYBR Green) (TIANGEN, Beijing, China) following the
manufacturer's recommendations with the following cycle parameters:
1 cycle at 95 °C for 10min; 40 cycles at 95 °C for 30 s, 55 °C for 60 s and
72 °C for 60 s; 1 cycle at 95 °C for 1min, 55 °C for 30 s, and annealing
temperature for 30 s, followed by the melting curve. The target gene
transcripts in each sample were normalized to β-actin and analyzed
using the relative quantitative analysis method by comparing the Ct

value to the housekeeping gene. All relative quantification results were
obtained from at least three independent experiments.

2.7. Statistical analysis

Statistical analysis was conducted by OriginPro 2017. Statistical
differences were determined by a two-tailed Student's t-test. The results
are expressed as the mean± standard deviation, and differences were
considered significant when p-values were< 0.05. For RT-PCR, the
most representative assay was selected for each experiment.

3. Results

3.1. Individual effects of estrogenic chemicals

The effects of test estrogenic compounds and the mixture were

Table 1
The cell proliferation related estrogen receptor and primer sequences used in this paper.

Estrogen receptors Forward primer Reverse primer

ERα CTGCGTCGCCTCTAACCT ATGCTTTGGTGTGGAGGGTC
ERβ CTGCTGGCTTTTTGGACACC TCGCCCTGCAAGTTTCAAGA
GPR30 AGTCGGATGTGAGGTTCAG TCTGTGTGAGGAGTGCAAG
GPER TGGTGCTGGTCTTCTTCGTC TTAGAGACATGACGTGGCCC
EGFR CCTGGTCTGGAAGTACGCAG GCGATGGACGGGATCTTAGG
IGF-1R CCTGTTATTGCGATATACTCTGGA ACGTTGCCTTAGCTTCAGCC
SP-1 CCACCATGAGCGACCAAGAT GTAGCCCCAGAGGAGGAAGA
Akt1 CGGCAGGACCGAGCG GCCGCCTGCTCCCGT
PIK3CA GGACCCGATGCGGTTAGAG ATCAAGTGGATGCCCCACAG
mTOR CGCGAACCTCAGGGCAA CTGGTTTCCTCATTCCCGGCT
PTEN CAGGATACGCGCTCGGC ACAGCGGCTCCAACTCTCAAA
β-actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT

Note: β-actin was used as housekeeping gene；the primer sequences were designed using Primer-BLAST on line tool of Geobank
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHOME).

S. Yuan et al. Ecotoxicology and Environmental Safety 160 (2018) 1–9

3

http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHOME


standardized against E2. Data were processed by comparison with E2
induction rates and are expressed as estradiol equivalents (EEQ) in ng/
L. All estrogenic chemicals significantly promoted proliferation of MCF-
7 cells after exposure for 96 h. The nine selected estrogenic chemicals
all increased the proliferation of MCF-7 cells in a concentration-de-
pendent manner, and all the concentration-response curves of the
chosen EEs presented S-shaped curves (Fig. 1). The EC50, the estrogenic
relative potency (REP) and the logistic regression results for each che-
mical are shown in Table 2. The obtained EC50 were similar to previous
published results (Brian et al., 2005; Correia et al., 2007; Folmar et al.,
2002; Liu et al., 2009; Thorpe et al., 2006). To compare the estro-
genicities of these compounds, we used the REP to calculate the effects
of the steroid estrogens individually and intuitively. The estrogenicities
of each estrogenic chemical can be transformed into a biological ac-
tivity based on the REP value relative to that of E2, which is defined as
1.00 (Yang et al., 2014). The REP order was EE2 >E1 > E2 >
DES >E3 > EV > 4-t-OP > 4-NP >BPA. This order was not ex-
actly the same as the REP order EE2 > E2 > E1 > DES > E3 >
EV > 4-NP > 4-t-OP > BPA determined by Yeast Estrogen Screen
(YES) assays in our previous study (Yang et al., 2014). These findings
reveal that the estrogen potencies of the test chemicals in a recombinant
yeast strain were different from those induced in MCF-7 cells. In

addition, their concentration-response curves were not parallel, which
was consistent our previous findings showing in a parallel mode (Yang
et al., 2014). The non-parallel slopes of the curves showed differences
between the positive and negative (Table 2), that is, the regression
coefficient of the model, indicating a different proliferation trend index
mathematically, thus the data may indicate that estrogenic chemicals
increase the proliferation rates of MCF-7 via various MoAs. However,
more studies are needed to analyze the gene changes to verify the hy-
pothesis at the molecular level.

3.2. Combined effect of the estrogenic mixture

To evaluate the combined effects of the estrogenic mixture, we
compared the CA and RA model results to the observed effects of the
mixtures, which had different components and concentration ratios of
the nine selected chemicals based on the above single chemicals’ EC50

and REP values according to the equivalent effect principle. The highest
concentrations (ng/L) of the component chemicals in the test mixtures
are listed in Table 3, and other test concentrations were obtained by
2.5-times dilutions from the maximum concentration. The observed
combined effects on the MCF-7 cells showed a dose-effect relationship
(Attachment, S1) in the E-screen assay using the CCK-8 method. The
observed proliferation rates of all the mixtures were substantially
higher than the CA regression line, which indicated that the combined
cell proliferation effects of EEs were increased, especially when the EE
concentrations were at low environmentally relevant levels. Further-
more, the observed values of the mixtures were slightly below the RA
regression line, but the 95% confidence intervals (95% CI) were always
adjacent to the RA regression line. We concluded that the RA model was
better at predicting the estrogenic effects of the EE mixtures than the
CA model, indicating that EEs affect the proliferation by acting on
different subsystems (molecular receptors) independently with dissim-
ilar MoAs on estrogen-insensitive MCF-7 cells.

3.3. Combined effects of environmental relevant concentration

Given the significant additive effects of EEs at low concentrations,
the combined effects of estrogenic chemicals at environmental con-
centrations should be an issue of concern. Here, the effects of nine se-
lected estrogens at relatively low concentrations (E2 0.098 ng/L, E1
0.052 ng/L, EE2 0.006 ng/L, E3 6.603 ng/L, DES 0.718 ng/L, EV
33.260 ng/L, 4-NP 2719.744 ng/L, 4-t-OP 304.742 ng/L, BPA
48,660.48 ng/L); the minimum concentrations of every component in
M12, which were at the same order of magnitude as their en-
vironmentally relevant concentrations; and the observed and predicted
combined effects of the configured mixtures (M12) of low component
concentrations (equivalent to 0.88 ng/L E2) are shown in Fig. 2. The

Fig. 1. The concentration-response relationship of nine selected estrogenic
chemicals on MCF-7 cells and fitted with four-parameter logistic model. All the
concentration-response curve of the chosen EEs present S-shaped. The MCF-7
cells were exposed to a range of concentrations of test estrogenic chemicals for
96 h, and the cell proliferation effects were measured by CCK-8 method. The
values presented are the mean with± SEM of at least three independent ex-
periments.

Table 2
The logistic regression results of the test estrogenic chemicals.

Estrogenic chemicals Regression parameters EC50 ng/L REP

a b x0 p R2

E2 0.8152 − 0.5845 23.1942 0.1121 0.9979 23.1942 1.00
E1 1.1561 − 0.5471 12.2146 − 0.0407 0.9968 12.2146 1.90
EE2 1.7729 − 0.4419 1.3578 − 0.1870 0.9924 1.3578 17.08
E3 1.3861 − 0.3464 1560.28 − 0.0971 0.9904 1560.28 1.49E-2
DES 0.7819 − 1.3874 169.44 0.2090 0.9917 169.44 0.137
EV 1.0574 − 0.6846 7860.21 0.1279 0.9959 7860.21 2.95E-3
4-t-OP .6765 − 0.8109 72,121.80 0.6306 0.9925 72,121.80 3.22E-4
4-NP 1.2881 − 0.4783 640,157.06 0.0059 0.9905 640,157.06 3.62E-5
BPA 1.1233 − 0.5665 11,505,280 0.2075 0.9913 11,505,280 2.02E-6

Note: a is the maximum estimated proliferation rates; b is the minimum estimated proliferation rates; x0 is 50% effective concentration, p is the slope of the curve;
R2, which is R-square value, means the correlation coefficient of the curve; REP is estrogenic relative potency, which is the ratio of the 50% effective concentration
(EC50) obtained with the chemical (compound EC50-1) compared to the 50% effective concentration of E2 (EC50-E2), i.e., the formula used is as follows: EC50-1/
EC50-E2.

S. Yuan et al. Ecotoxicology and Environmental Safety 160 (2018) 1–9

4



observed combined effects were much more significant than that of any
single chemical, which strongly demonstrated that EEs may pose health
risks even at low component concentrations. In addition, the observed
proliferation effects of M12, which contains all nine selected estrogenic
chemicals as shown in Table 3, were closer to the values predicted by
the RA model than the CA model. These results demonstrated that the
RA model may be more suitable for predicting the combined cell pro-
liferation effects of estrogens at low concentrations than the CA model.

3.4. Combined cell proliferation effects at genetic level

To study the molecular mechanism of EEs in MCF-7 cells, we con-
ducted RT-PCR to test the gene expression changes and to explore the

specific estrogenic MoA at the gene level. Molecular acceptors related
to cell proliferation, including the estrogen response element (ERE, also
called nuclear receptors) that binds to DNA directly, the DNA tran-
scription factors that bind to the ER, and the modulatory actions of non-
genomic changes (Bjornstrom and Sjoberg, 2005) were analyzed. In this
study, MCF-7 cells were exposed to the nine selected estrogenic che-
micals at the EC50 concentrations. The relative expression levels of two
EREs, ERα and ERβ, and one non-genomic action receptor, GPR30,
were calculated using the relative quantitative analysis method to de-
termine how different EEs act on MCF-7 cells. As shown in Fig. 3A, the
estrogenic chemicals E2 (1.635-fold), E1 (1.769-fold), E3 (1.375-fold),
EE2 (1.970-fold) and EV (2.448-fold) significantly up-regulated ERα
expression, while DES (1.790-fold), 4-NP (1.537-fold), 4-t-OP (1.26-
fold) and BPA (2.514-fold) affected GPR30 more than ERα and ERβ.
The expression levels of EREs and GPR30 were negatively correlated,
indicating that either nuclear receptors or membrane receptors were
induced and that there was always one major type of estrogenic MoA.
These findings suggest that different estrogens have distinct avidities
and preferences for different genes related to cell proliferation.

To further elucidate the specific molecular mechanisms of the es-
trogenic mixture, we selected two different estrogenic chemicals—E2
represents a natural steroid hormone and BPA represents an estrogen-
like industrial chemical—to study the combined genetic changes in
MCF-7 cells. E2 and BPA both bind to EREs and promote MCF-7 cell
growth but with different capacities; E2's REP was a million times more
than that of BPA as shown above. The changes in gene expression re-
lated to proliferation that were induced by E2, BPA and their mixture
are shown (Fig. 3B). The results indicated that estrogenic chemicals can
stimulate cell growth not only by binding to EREs but also by other
signal transduction pathways, such as the PI3K/AKT pathway. The re-
sults showed that E2 up-regulated ERα, IGF-IR, Akt1, PIK3CA, mTOR
and GPER levels; BPA up-regulated ERα, IGF-IR, SP-1, Akt1, PIK3CA,
mTOR and GPER levels; and the E2+BPA mixture up-regulated ERα,
IGF-IR, SP-1, PIK3CA, PTEN, mTOR and GPER levels. We concluded
that estrogenic mixtures display estrogenicity in an additive manner at
the gene level based on the additive expression of ERα, PIK3CA, PTEN
and GPER. However, the expression of ERβ and IGF-IR was equivalent.
Notably, Akt1 was down-regulated by the E2+BPA mixture, which
may indicate antagonism when E2 and BPA were mixed. E2 and BPA
showed distinct patterns on the expression of major genes related to cell
proliferation, which suggests the complexity of signal pathways in-
duced by estrogenic chemicals in MCF-7 cells. The above cell

Table 3
The highest concentrations (ng/L) of the component chemicals in the test mixtures.

Ntest Test No Composition and concentration (ng/L)

E2 E1 EE2 E3 DES EV 4-t-OP 4-NP BPA

3 M1 180 – – – 1313.9 – – 4.97E+6 –
M2 – 94.74 10.54 – – – 5.59E+5 – –

4 M3 135 – 7.90 – – 4.58E+4 – – 6.68E+7
M4 135 – – 9.06E+3 – – 4.19E+5 – 6.68E+7
M5 – 71.05 – – 985.4 4.58E+4 – – 6.68E+7
M6 – 71.05 – 9.06E+3 – – – 3.73E+ 6 6.68E+7
M7 – – – 9.06E+3 985.4 4.58E;+ 4 4.19E+5 – –
M8 – – 7.90 9.06E+3 – 4.58E+4 – 3.73E+ 6 –

5 M9 108 56.8 6.32 7.25E+3 788.3 – – – –
M10 108 56.8 – – – 3.66E+4 3.35E+5 2.98E+6 –
M11 – – 6.32 – 788.3 – 3.35E+5 2.98E+6 5.35E+7

9 M12 60 31.58 3.51 4.03E+3 438.0 2.03E+4 1.86E+5 1.66E+6 2.97E+7
2 M13 – – – – – – 8.39E+5 7.46E+6 –

M14 – – – – – – 8.39E+5 – 1.34E+8
M15 – – – – – – – 7.46E+6 1.34E+8

3 M16 – – – – – – 5.59E+5 4.97E+6 8.91E+7

Note: Ntest was the number of composition, Test No was the series of mixtures. The concentration were calculated based on the each single chemicals’ EC50 and REP
according to the equivalent effect principle, which just simplifies the calculation process by summing every component's biological activity mathematical compare to
the total measured biological activity (Liscio et al., 2009).

Fig. 2. Single and combined effects of estrogenic chemicals at low-effect con-
centration. The concentrations of estrogenic chemicals were: E2 0.098 ng/L, E1
0.052 ng/L, EE2 0.006 ng/L, E3 6.603 ng/L, DES 0.718 ng/L, EV 33.260 ng/L,
4-NP 2719.744 ng/L, 4-t-OP 304.742 ng/L, BPA 48,660.48 ng/L, which were
the minimum concentration of every component of M12 and share the same
equivalent to E2 according to the equivalent effect principle. The proliferation
rate of M12 Observation is the observation rate of the minimum concentration
of M12; the proliferation rate of M12 CA prediction, the proliferation rate of
M12 RA prediction are the prediction proliferation rate of the minimum con-
centration of M12 calculated by CA amd RA model.
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proliferation results showed that the molecular mechanisms deviated
from the CA model and were closer to the RA model.

4. Discussion

Multiple studies have investigated the combined effects of estro-
genic chemicals in vitro and in vivo (Aerni et al., 2004; Brian et al., 2005;
Casanova et al., 1999; Desbrow et al., 1998; Kloas et al., 1999; Silva
et al., 2011; Sun et al., 2009). Yeast with the recombinant human ER
gene and estrogen-sensitive cells are commonly used for analysis of
estrogenic mixtures in vitro. Our previous study suggested that the labile
and high-sensitivity yeast strain could be used to detect the estrogenic
effects of EEs and demonstrated that every component in a mixture acts
similarly with the same MoA, competitively interacting with the same
molecular target sites, which meets the strict demands of the CA model
(Yang et al., 2014). However, the present study indicated that the ef-
fects of some EEs (E1, E2, 4-NP, 4-t-OP) on MCF-7 cells were different
from those on the yeast strain. According to the European Scientific
Committee for Toxicology, Ecotoxicology and the Environment
(Commission of the European Communities, 2004), for compounds with
an identical MoA, such as estrogenic chemicals that act through es-
trogen receptors, the analysis of individual risk assessments is proble-
matic. For example, the effects of natural and synthetic estrogens may
be additive, especially since these chemicals co-occur in the aquatic
environment. Thus, the induction of the same biological effect is often
deemed sufficient for accepting a similar MoA. However, from an ex-
treme perspective, an identical molecular mechanism involving the
same active intermediate is required to fulfill the similarity assumption.
Generally, a neutral standpoint posits that interactions with the same
site, tissue, or target organ should qualify for similarity. Thus, it is of
interest to investigate the diverse estrogenic signal MoAs in a high-
sensitivity estrogen-sensitive target. The challenge lies in defining
“identical MoAs” for EEs.

To define the identical MoA of estrogenic chemicals at the gene
level, we first analyzed the expression levels of ERα, ERβ and GPR30.
ERα and ERβ are two typical and distinct nuclear receptors that com-
plement estrogen signaling when activated by estrogens (Heldring
et al., 2007; Lindberg et al., 2003; Matthews and Gustafsson, 2003;
Paech et al., 1997; Razandi et al., 1999). GPR30 is a representative
membrane receptor encoded by the G Protein-Coupled Receptors
(GPCRs) gene, which can be activated by estrogens and is responsible

for some of rapid effects of estradiol on cells (O'Dowd et al., 1998). Our
results showed that all chemicals displayed estrogenic effects through
binding to different receptors because the relative expression of the
selective receptors showed various changes. Some chemicals, such as
E2, E1, E3, EE2 and EV, appeared to up-regulate ERα, indicating that
these chemicals induce EREs by genomic pathways; other chemicals,
such as DES, 4-NP, 4-t-OP and BPA, increased the expression of GPR30,
demonstrating that they activated estrogenic signaling primarily
through non-genomic pathways. Moreover, ERα, ERβ and GPR30 all
could be activated by different estrogenic chemicals, which may in-
dicate an antagonistic relationship between the nuclear and membrane
receptors for estrogenic signaling. However, a quantitative relationship
was not determined, and thus, further analyses are needed to allow for
prediction of the responses in vivo from the cellular effects in vitro.

In estrogen-sensitive cells, most classic EREs can be activated by
estrogenic signals: ERα and ERβ. Additionally, independent of ERα and
ERβ, GPCRs are good candidates to mediate nongenomic estrogen sig-
naling. For example, orphan receptor GPR30 is a candidate for med-
iating nongenomic estrogen signaling via a GPR30-dependent autocrine
loop, resulting in transactivation of the EGFR-to-Erk signaling axis.
Furthermore, this receptor plays an important role in the growth and
survival of estrogen-negative breast tumors (Filardo et al., 2000),
leading to the translation of related proteins and finally resulting in
changes in cell morphology, e.g., promoting cell growth and division or
inhibiting cell apoptosis. To explore the preliminary molecular me-
chanism of the combined estrogenic proliferative effects, we examined
the effects of E2, BPA and their mixture on gene expression by focusing
on the ERE and PI3K/AKT signaling pathways. ERα and ERβ are two
subtypes of nuclear receptors, and they both form their own homo-
dimer (or hetero-dimer) but exhibit different transcriptional features.
Additionally, they show differences in binding affinity to the same
compound of an order of magnitude, e.g., Kuiper's study demonstrated
that ERα’s binding affinity to moxestrol was nearly 10-fold greater than
that of ERβ, but opposite results were found for genistein (Kuiper et al.,
1997). Our study demonstrated that estrogenic mixtures display estro-
genicity in an additive manner at the gene level given the additive
expression of ERα, PIK3CA, PTEN and GPER. However, estrogenic
chemicals could induce molecular acceptors by binding to DNA directly
or preferentially activating different transcription factors in human
breast cancer MCF-7 cells. We concluded that the expression of ERβ and
IGF-IR may be equivalent, and the expression of Akt1 was down-

Fig. 3. The fold of different mRNA expressions induced by different estrogenic chemicals. The MCF-7 cells were exposed to the nine test estrogenic mixtures at their
EC50 concentrations for ERα, ERβ and GPR30 receptors detection (A) and exposed to E2, BPA and their mixture for the PI3K/AKT signal pathway detection (B). After
96 h, RNA were extracted and after RT-PCR amplification, the relative expressions were calculated by normalized the Ct value reference to the housekeeping gene β-
actin using the relative quantitative analysis method in each sample compared to the negative group, that is the relative expressions value which were greater than 1
means the gene were up-regulated, less than 1 means down-regulated in association. The positive group were 1× 10−10 mol/L E2 and negative group were DMSO
(0.5% (v/v)) which MCF-7 cells were exposed. The data shown above are representative of at least three independent experiments and are plotted with± SEM.
Levels of significant difference among the groups star with * p < 0.05 and * * p < 0.01 were revealed by Student's t-test.
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regulated by the E2+BPA mixture. Previous studies have demon-
strated that E2 could stimulate GPCRs, up-regulate ERK1/2 and in-
crease the phosphorylated Akt level, which would activate CDK2 and
CDK4, prompt the cells into S phase and induce DNA replication, thus
promoting cell proliferation (Chan et al., 2010). The E2 and BPA mix-
tures altered the gene expression levels of various cell proliferation-
related genes in the PI3K/AKT pathway. In general, we hypothesized
that ERα, PIK3CA, PTEN and GPER were expressed in a synergistic
manner, while Akt1 was altered by an antagonistic mode in the estro-
genic mixtures.

This study also showed that different EEs had distinct avidities and
preferences for estrogen-like ligands. Filardo et al. (2000) have reported
that MCF-7 breast cancer cell lines expressing elevated GPR30 protein
were capable of activating Erk-1/-2 in response to estrogens. The pro-
liferative effects of estrogens are primarily mediated by the ERs and
have the potential to induce EGFR pathways, which could recruit mo-
lecular signaling complexes that stimulate MAPK, PI3K, and AKT/pro-
tein kinase B. In addition to the PI3K/AKT signaling pathway, other
signaling pathways could be induced, such as the MAP kinase pathway
(Bunone et al., 1996), cAMP signaling pathway (Aronica et al., 1994)
and other membrane receptors (Frasor et al., 2003), indicating that they
are affected by estrogenic chemicals. Different estrogenic chemicals can
affect the proliferation rate of MCF-7 cells through various signaling
pathways, as shown by the strength of the gene alterations, and may
display non-parallel concentration–response curves of individual EEs at
the cellular level.

The nine selected estrogenic chemicals were all shown to be po-
tential endocrine disrupters (EDs) and have been analyzed and detected
in aquatic systems of China (Gong et al., 2012; Lei et al., 2009; Lu et al.,
2010; Sun et al., 2008; Yan et al., 2012; Ye et al., 2012), even at rela-
tively high concentrations. Estrogenic chemicals were likely to act their
conbined estrogenic activity additively at environmentally relevant
concentrations in vivo (Brian et al., 2007; Ramamoorthy et al., 1997;
Ribeiro et al., 2012; Tinwell and Ashby, 2004). More concerned, dif-
ferent organisms showed diverse sensibility to EDs as Zha et al. (2007)
proved that adult rare minnow (Gobiocypris rarus) were sensitive to EE2
and 4-NP. Moreover, different EDs were response to different estrogen
receptors as reviewed by Pellegrini et al. (2005) indicated that ERα,
ERβ1, and ERβ2 have different distributions in the brain of teleost fish
and expand the multiple affinity to estrogenic chemicals. Thus, it is
urgent to study the complicated combined effects of EDs and evaluate
their risks in aquatic organisms. In this study, the obtained EC50 values
of single estrogenic chemical were similar to those of the aforemen-
tioned studies. Thus, based on the individual effects of estrogenic
chemicals, we selected the highest and lowest concentrations of the
mixtures for the study on combined estrogenic effects; the highest
concentration of the mixtures had an REP equal to 540 ng/L E2, and the
lowest concentration was equivalent to 0.8 ng/L E2, which had a weak
estrogenic effect. EEs are generally extremely potent even at very low
concentrations (in the μg or ng/L ranges), as in the case of the synthetic
estrogen ethinylestradiol, which can induce adverse effects on fish re-
production at concentrations less than 1 ng/L (Runnalls et al., 2010;
Sumpter, 2005). As expected, the observed proliferation rates were
higher than the CA regression line at every concentration of all mix-
tures. These findings indicated that the combined estrogenic activity of
all mixtures was higher than that of any single estrogenic chemical, as
shown in Fig. 2, especially at a relatively low configured concentration
similar to the EE environmental concentrations (Lei et al., 2009; Sun
et al., 2008). Moreover, the observation proliferation rates of the nine
estrogenic mixture chemicals, as shown in Fig. 2, were higher than that
of any single estrogenic chemical. These results may demonstrate the
theory “something from nothing”, as the estrogenic chemical mixtures
had greater effects than the individual compounds even at low con-
centrations (Rajapakse et al., 2002; Silva et al., 2002).

The estrogenic effects of EDCs have become a key environmental
issue due to their endocrine-disrupting properties, which can harm

living organisms and ecosystem. More importantly, additive way and
synergistic interaction between estrogenic chemicals were proved to be
triggered at environmentally relevant concentrations in vivo (Brian
et al., 2007; Ramamoorthy et al., 1997; Tinwell and Ashby, 2004) and
in vitro (Arnold et al., 1997; Payne et al., 2001; Silva et al., 2002, 2011;
Suzuki et al., 2001), which caused increasing attention draw to evaluate
the overall environmental risk of estrogenic chemicals. For the en-
vironmental risk assessment of EEs, the CA and RA models are often
used to evaluate the combined effects, but which model is better re-
quired further analyses. The CA model is suitable for mixed chemicals
that share a similar function, while the RA model is considered ap-
plicable when a mixture of chemical components has different func-
tions. In our study, the proliferation rates of the mixtures were a little
below but adjacent to the RA regression line with their 95% CI. In
addition, the observation proliferation rate results of the nine estro-
genic mixture chemicals were closer to the predicted values of the RA
rather than the CA model (Attachment, S1). These findings indicated
that the RA model was better to predict the estrogenic effects of the EEs
mixtures contrasted to the results of our previous study using YES as-
says. Thus, there may be various roles that estrogenic chemicals play in
MCF-7 cells, such as competing, blocking or mimicking natural hor-
mones by binding to different receptors (Diamanti-Kandarakis et al.,
2009). In other words, different estrogens have various adverse out-
comes (estrogenic effects) through different MoAs (signaling path-
ways), as opposed to the single nuclear receptor binding mode in the
recombinant estrogen yeast. We concluded that the RA model is a better
choice when there are chemicals with different MoAs in the MCF-7
cells, but the CA model is suitable for assessing the effects of mixtures
similar-acting chemicals.

5. Conclusions

Integrating the combined effects for EEs into regulatory frameworks
is still a very complex challenge. Thus, determination of how to assess
the combined environmental risks and understand the mechanisms and
interactions involved in the joint action of these chemicals of en-
vironmental concern is urgently needed. Our study demonstrated that
the RA model can be used with confidence for the prediction and as-
sessment of the estrogen mixtures in the E-screen assay rather than the
CA model, which was better for the YES assay.

Prior observations indicate that some estrogenic chemicals promote
second messengers, activation of intracellular signaling enzymes, and
gene transcription. In this study, we confirmed that there were several
MoAs of estrogens, and they could interfere with each other. Thus, our
gene analysis showed that different estrogens have distinct avidities
and preferences for different estrogen receptors. Our results indicated
that estrogenic mixtures increased ERα, PIK3CA, GPER, PTEN levels
and reduced Akt1 levels. Therefore, the combined effects need to study
at a higher level, such as the organ and individual levels, where more
endpoint(s) and a more complicated molecular response mechanism
must be taken into account.

Thus, further studies should be performed to determine the me-
chanism of combined effects or develop an improved model with more
parameters and correction factors in vitro. This will allow us to extra-
polate the cellular effects to individual responses in vivo.
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