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Analysis of individual and combined
estrogenic effects of bisphenol,
nonylphenol and diethylstilbestrol in
immature rats with mathematical models
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Abstract

Background: Traditional toxicological studies focus on individual compounds. However, this single-compound
approach neglects the fact that the mixture exposed to human may act additively or synergistically to induce greater
toxicity than the single compounds exposure due to their similarities in the mode of action and targets. Mixture effects
can occur even when all mixture components are present at levels that individually do not produce observable effects.
So the individual chemical effect thresholds do not necessarily protect against combination effects, an understanding
of the rules governing the interactive effects in mixtures is needed. The aim of the study was to test and analyze the
individual and combined estrogenic effects of a mixture of three endocrine disrupting chemicals (EDCs), bisphenol A
(BPA), nonylphenol (NP) and diethylstilbestrol (DES) in immature rats with mathematical models.

Method: In the present study, the data of individual estrogenic effects of BPA, NP and DES were obtained in
uterotrophic bioassay respectively, the reference points for BPA, NP and DES were derived from the dose-response
ralationship by using the traditional no observed adverse effect (NOAEL) or lowest observed adverse effect level
(LOAEL) methods, and the benchmark dose (BMD) method. Then LOAEL values and the benchmark dose lower
confidence limit (BMDL10) of single EDCs as the dose design basis for the study of the combined action pattern. Mixed
prediction models, the 3 × 2 factorial design model and the concentration addition (CA) model, were employed to
analyze the combined estrogenic effect of the three EDCs.

Results: From the dose-response relationship of estrogenic effects of BPA, NP and DES in the model of the prepuberty rats,
the BMDL10(NOAEL) of the estrogenic effects of BPA, NP and DES were 90(120) mg/kg body weight, 6mg/kg body weight
and 0.10(0.25) μg/kg body weight, and the LOAEL of the the estrogenic effects of three EDCs were 240mg/kg body weight,
15mg/kg body weight and 0.50 μg/kg body weight, respectively. At BMDL10 doses based on the CA concept and the
factorial analysis, the mode of combined effects of the three EDCs were dose addition. Mixtures in LOAEL doses, NP and
DES combined effects on rat uterine/body weight ratio indicates antagonistic based on the CA concept but additive based
on the factorial analysis. Combined effects of other mixtures are all additive by using the two models.
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Conclusion: Our results showed that CA model provide more accurate results than the factorial analysis, the mode of
combined effects of the three EDCs were dose addition, except mixtures in LOAEL doses, NP and DES combined
effects indicates antagonistic effects based on the CA model but additive based on the factorial analysis. In particular,
BPA and NP produced combination effects that are larger than the effect of each mixture component applied
separately at BMDL doses, which show that additivity is important in the assessment of chemicals with estrogenic
effects. The use of BMDL as point of departure in risk assessment may lead to underestimation of risk, and a more
balanced approach should be considered in risk assessment.

Keywords: Endocrine disrupting chemicals, Combined effects, Mixture toxicity, Factorial analysis, Concentration addition

Background
In the past few years, the need to evaluate the toxicity of
endocrine disrupting chemicals (EDCs) mixtures has raised
research concern [1, 2]. EDCs are a large group of chemicals
(e.g., estrogenic, anti-androgenic or thyroid-disrupting
agents) that are present as mixtures not only in water, soil,
air and food, but also in humans. They can cause adverse
health effects by interfering with the synthesis, secretion,
transport, metabolism, binding action, or elimination of nat-
ural blood borne hormones in the body which are respon-
sible for homeostasis, reproduction, and developmental
process [2–4] . Traditional toxicological studies focus on in-
dividual compounds [5] In general, the exposure level of a
single EDC is low and, so far, has not been shown to contrib-
ute to adverse human effects [6, 7]. However, this
single-compound approach neglects the fact that the mixture
of EDCs exposed to human may act additively or synergistic-
ally to induce greater toxicity than the single EDCs exposure
due to their similarities in the mode of action and targets [8].
Mixture effects can occur even when all mixture compo-
nents are present at levels that individually do not produce
observable effects, and human disorders are more likely the
result of chronic exposure to low amounts of mixtures of
EDCs [9]. The traditional focus of risk assessment on single
chemical is shifting toward considering combination effects
of mixture chemicals [10], the individual chemical effect
thresholds do not necessarily protect against combination ef-
fects [11], an understanding of the rules governing the inter-
active effects in mixtures is needed [12].
To address this need, we selected three well-known

synthetic exogenous estrogen-like chemicals for study:
bisphenol A (BPA), nonylphenol (NP), and diethylstilbes-
trol (DES). All three chemicals are a major concern for
animal and human health due to their estrogenic effects
and demonstrated human exposure [13–15]. Although
several studies have described the potent estrogenic ef-
fects of BPA, NP, and DES in vitro and in vivo [6, 13,
14], the estrogenic effects of combined exposure to BAP,
NP, and DES using in vivo models has not been ad-
equately explored. Moreover, most EDC mixture studies
used the direct effect addition method, which is prob-
lematic in that it simply added the effect of several indi-
vidual chemicals to obtain a combined toxicity [16, 17].

The risk assessments of these EDCs by regulatory au-
thorities have been based on the assumption that con-
sumers are exposed to only one chemical at a time.
Therefore, it is crucial to explore whether these xenoes-
trogens can act together to yield measurable responses
when combined at concentrations that individually pro-
duce undetectable effects and whether such a combined
intake of BAP, NP, and DES would lead to a possible
higher risk of adverse health effects than the intake of
one of these EDCs alone.
From the perspective of public health and chemical

regulations, no observed adverse effect level (NOAEL),
the benchmark dose (BMD) or the lowest observed ad-
verse effect level (LOAEL) are used to define point of
departure (POD) for dose-responses, which is used as
the starting point of quantitative risk assessment. The
POD is then combined with a safety factor to derive a
health-based guidance value, e.g. acceptable daily intake
(ADI) or tolerable daily intakes (TDI) [18]. When expo-
sured to a large number of EDCs, the question is
whether this claim is tenable for EDCs around their
TDI. In this study, we presented the data of estrogenic
properties of BPA, NP and DES in uterotrophic bioassy,
respectively, and gained the benchmark dose lower con-
fidence limit (BMDL10) and LOAEL values of single
BPA, NP and DES by dose-response relationship of
uterus/body weight ratio. Then we selected the BMDL10
and LOAEL level of each EDCs as the dose design
basis for the study of the combined action pattern.
And we will use the statistical analysis of factorial de-
sign method and dose addition model to examine
whether the mode of combined effects of three EDCs
is synergistic, antagonistic or additive, then provide
scientific basis for further cumulative of risk assess-
ment of these three EDCs.

Methods
Chemicals
BPA, NP and DES (≥99.0% purity) were purchased from
Sigma Aldrich trading Co. LTD. (Shanghai, China). Corn
germ oil was purchased from Fengyi trade Co. LTD.
(Beijing, China). Radioactive kits of luteinizing hormone
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(LH), progesterone and estradiol (E2) were provided by
the Institute of North Biological Engineering Research
(Beijing, China). Soy free diet was provided by the Hua
Fu Kang Biotechnology Co. LTD. (Beijing, China).

Animals and exposure
Specific pathogen-free Sprague-Dawley (SD) rats (post-na-
tal day 17d; body weight 28–33 g) were purchased from
Hua Fu Kang Bioscience (Beijing, China). The animals
were housed in cages under condition of controlled
temperature (20–26 °C) and relative humidity (50%–65%),
a 12 h light/12 h dark cycle and air change of 10 times/h.
All animals were fed soy free diet (Hua Fu Kang
Bioscience, Beijing, China) and provided with unlimited
purified water throughout the study. All experiments are
carried out in accordance with the Guide for the Care and
Use of the Animals Management Rules of the Ministry
Health of the People’s Republic of China (Documentation
NO. 55, 2001, China). The study was approved by the In-
stitutional Animal Care and Use Committee of China Na-
tional Center for Food Safety Risk Assessment. During the
experiment, all animals were treated humanely and max-
imum care was taken to minimize animal sufferings.
This experiment was a uterotrophic bioassy in accord-

ance with OECD Testing Guideline No. 440 [19](Fig. 1).
Before conducting the mixture experiment, uterotrophic
bioassays for each individual chemical were performed.
136 SD rats were randomly assigned into 17 groups
(n = 8 per group) according to the body weight. The
control groups consisted of untreated rats (blank) and
solvent-treated rats (vehicle control). Five other groups
received BPA at 15, 30, 60, 120, and 240 mg/kg body
weight. Five other groups received NP at the same con-
centrations. The five other groups received DES at 0.25,
0.50, 1.0, 2.0 and 4.0 μg/kg body weight. All chemicals
were dissolved in corn oil and administered orally via
gavage once per day for 3 consecutive days. It aimed to
find out the NOAEL, BMDL10 and LOAEL of estrogenic
effects for individual chemical to determine the doses of
mixture experiment.

For the mixture experiment, 160 SD rats were ran-
domly assigned into 16 groups (n = 10 per group) ac-
cording to the body weight. we selected BMDL10 and
LOAEL of each chemical as the dose design basis for the
study of the combined action pattern. All animals re-
ceived EDCs exposure based on the dosimetry in Table 1
via gavage for 3 consecutive days.

Tissue weighing and fixing
The day after last gavage, all animals were fasted for 12
h and sacrificed under sodium pentobarbital anesthesia.
Body weight and uterus wet weights were determined.
The uterus of individual animals were preserved in 4%
formaldehyde solution after weighing, and the uterus/
body weight ratio was calculated according to uterus wet
weight divided by body weight.

Measurement of serum estrogen hormone levels
Blood was collected from ophthalmic vein in
pro-coagulation tubes and centrifuged at 3000 rpm for
10min to obtain blood serum and stored at − 80 °C until
use. Serum luteinizing hormone (LH), progesterone and
estradiol (E2) were determined by radioimmunoassay.
All experiments were carried out according to the in-
structions of the manufacturer.

Histopathology
At the same time, tissue recovered from the necropsy
were fixed in 10% formalin, embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin (HE) for
histological examination using standard techniques.
After hematoxylin & eosin staining, the slides were ob-
served and photos were taken using optical microscope
(Olympus X71,Japan). All the identity and analysis of the
pathology slides were blind to the pathologist.

Statistical analysis and BMD analysis
The “Statistical Product and Service Solutions (SPSS),
version 19.0” (IBM Inc., Chicago, IL, USA) software
was employed to compare the statistical differences

Fig. 1 Schematic of the experimental design adopted for soes-response analyses of the individual chemicals and their mixtures. PND was the day
of birth
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between groups and conduct factorial analysis. BMDL
were obtained based on the dose-response models
from using “Benchmark Dose Software (BMDS), ver-
sion 2.6” (Environmental Protection Agency, Wash-
ington D.C., USA).

Factorial analysis
The mixture experiment was based on 2 × 2 × 2 factorial
analysis of variance (ANOVA) [20]. The dose levels of
each test substance were 0 mg/kg body weight, BMDL10
and LOAEL in trial test. The indexe in factorial design
was the uterus/body weight ratio.
The original data were first analyzed for homogeneity

of variance. If the data were heterogeneous, ANOVA
could be conducted directly; otherwise logarithmic
transformation was performed before ANOVA. As to
main effects, a significant result (P < 0.05) indicated an
effect of dose. As to combined effects, a significant result
(P < 0.05) meaned the interaction effects exist among
the test substances; otherwise, the combined effects
would be additive.
If an interaction effect existed, corresponding skeleton

map was used to decide if it’s synergistic effect or antag-
onistic effect. When antagonistic effects happened, the
two lines in skeleton map would approach to each other,
if synergistic effects existed, they would detach from
each other.

Mixture design
On the basis of the results for the individual com-
pounds, a binary and a 3-compound mixture were made
for hepatocyte bioassays. As the compounds were ex-
pected to act by similar mode of action, the mixture de-
sign was chosen on basis of the concept of CA. The
model is defined for mixtures by equal to 1:

ECx;mix ¼
Xn

i¼1

Pi

ECxi

 !−1

where ECx, mix is the total concentration of the mix-
ture that causes x effect, Pi indicates the proportion
of component i in the mixture, and ECxi indicates the
concentration of component i that would cause x ef-
fect [21–23].
Quantitative comparison of the observed toxicity and

the models tested was conducted using a model devi-
ation ratio (MDR). The ratio was calculated as the pre-
dicted effective concentration divided by the observed
effective concentration. A MDR of 1 indicates that the
mixture acts by additivity, a MDR > 1 indicates that the
model underestimates the toxicity of the model, whereas
a MDR < 1 indicates overestimation of toxicity by the
model. However, mixtures with MDRs within a factor of
2 ((0.5 ≤MDR ≤ 2)) are most likely to follow the concept
of addition as this factor is within the expected interla-
boratory/interexperiment deviation for most species
[24]. So to evaluate the frequency of chemicals, chemical
mixtures and species groups involved in synergistic
(MDR > 2), additive (0.5 ≤MDR ≤ 2) and antagonistic
(MDR < 0.5) mixture experiments [25].

Results
Single chemical toxcity
Body weight and the uterus/body weight ratio
According to body weight, no obvious changes were evi-
dent, except for the NP 240mg/kg body weight group
(Fig. 2). Compared to the vehicle group, the ratio of
uterus/body weight in all NP groups, DES doses of 0.50,
1.00, 2.00, and 4.00 μg/kg body weight, and BPA dose of
240 mg/kg body weight were significantly increased (all
P < 0.05). Thus, a significant dose-response relationship
was evident for the three agents.

Serum LH, progesterone and E2 levels
Figure 3 depicts the effects of BPA, NP, and DES on
the serum concentration of LH, progesterone, and E2
in immature rats. Compared with the blank and solv-
ent controls, LH was significantly increased in rats
treated with NP at dosages of 120 and 240 mg/kg
body weight (both P < 0.05). No obvious difference
was apparent in the other groups. The concentrations

Table 1 Dose combination of DES, BAP and NP

Group n Mixture Doses (mg/kg body weight)

blank control 10 water

vehicle control 10 Corn oil

BMDL10

BPA 10 92

NP 10 6

DES 10 0.1

BPA + NP 10 92 + 6

BPA + DES 10 92 + 0.1

NP + DES 10 6 + 0.1

BPA + NP + DES 10 92 + 6 + 0.1

LOAEL

BPA 10 240

NP 10 15

DES 10 0.5

BPA + NP 10 240+ 15

BPA + DES 10 240+ 0.5

NP + DES 10 15 + 0.5

BPA + NP + DES 10 240+ 15+ 0.5

BPA Bisphenol A, NP Nonylphenol, DES Diethylstilbestrol, BMDL Benchmark
dose lower confidence limit, LOAEL Lowest observed adverse effect level
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of progesterone and E2 were not changed by any dos-
age of BPA, NP, and DES.

Pathological examinations
Compared with the solvent control group (Fig. 4a), the uter-
ine cavity was thickened and the cavity area was enlarged in
the rats receiving BPA at different dosages (Fig. 4b-f). Espe-
cially, increase and enlargement of the uterine glands were
observed in groups D and E and endometrial epithelial cells
had changed from short columnar cells to tall columnar
cells. More significant changes of the uterus were observed
in the rats receiving NP (Fig. 5) and DES (Fig. 6). Typical tall
columnar epithelial cells covered the endometrium of
the rats in the NP groups (Fig. 5d, e) and DES groups
(Fig. 6d, e). Most importantly, dramatic changes were
evident in the highest dosage groups, including pseudos-
tratified ciliated columnar epithelium, enlarger uterus cav-
ity, and increased numbers of glands (Fig. 5f, 6f).

Interestingly, compared with the other groups, DES in-
duced interstitial edema and villi-like changes at the high-
est dosage. These results showed that NP and DES
induced uterus displays the secretory phase earlier. The
above results revealed significantly increased the uterus/
body weight ratio in treated groups, indicating the ratio is
the most sensitive parameter to assess the estrogenic
effect.

BMD analysis for the uterus/body weight ratio
Further analyses were necessary for the dose-response
modeling of the uterus/body weight ratio of the three
EDCs. The analyses used BMD software. Among all
models, the Exponential and Hill models were suitable
to fit the dose-response curve for the uterus/body weight
ratio of the three EDCs. The Exponential model was
most suitable for BPA (p = 0.72, AIC = -162.82; Fig. 7a)
and DES (p = 0.98, AIC = -125.12; Fig. 7c), and the Hill

Fig. 2 Weight and uterus/body weight ratio of rats receiving the different chemicals. *:P < 0.05; **:P < 0.01

Mao et al. Environmental Health and Preventive Medicine           (2019) 24:32 Page 5 of 13



model was most suitable for NP (p = 0.54, AIC
= -128.65; Fig. 7b). The calculated BMDL10 values of the
uterus/body weight ratio of BPA, NP, and DES were 90,
6, and 0.10 μg/kg body weight, respectively.

Mixtures toxcity
Factorial analysis results
The uterus/body weight ratio was used to conduct fac-
torial analysis. The results are summarized in supporting
information Table 2. According to the test of homogen-
eity of variance, the result reached the homogeneity of
variances (P > 0.05). Main effect tests indicated no sig-
nificant change of uterus/body weight ratio for three
EDCs at BMDL10 doses(P > 0.05). At LOAEL doses, the
main effect indicated significant changes of uterus/body
weight ratio for BPA and DES (P < 0.05), but for NP,
there was no significant change(P > 0.05). For interac-
tions, at BMDL10 and LOAEL doses, no inteaction was
found for uterus/body weight ratio for BPA, NP and
DES(P > 0.05). The findings indicated that the combined
effect of estrogenic effect is for three EDCs may be addi-
tive. The corresponding skeleton map wasn’t used to
identify synergistic effect or antagonistic effect because
of no interaction effect exists.

CA model analysis results
As shown in Table 3, at BMDL10 doses, the MDR range
of three EDCs was 0.63–1.93 and all within a factor of

2(0.5 ≤MDR ≤ 2), the results demosntrated they were
consistent with the assumption of addivity. At LOAEL
doses, when combined with NP and DES, the MDR was
0.48 and beyond the cutoff poin (0.5 ≤MDR ≤ 2), indi-
cated it was consistent with the assumption of antagon-
ism. And the other MDR range of three EDCs was 0.54–
0.97 and within a factor of 2(0.5 ≤MDR ≤ 2), the results
indicated they were consistent with the assumption of
addivity.

Discussion
Since EDCs usually exist as mixtures and humans are
rarely exposed to a single compound through the envir-
onment, foods, and consumer products [26, 27]. This
justifies the need to investigate the mixture effects [8].
Food is usually contaminated by low doses of EDCs,
such as BPA, NP and DES, through packaging, biological
accumulation or manufacturing process [26–28]. Deter-
mining human health risks from exposure to chemical
mixtures is a daunting challenge to many experimental
toxicologists and epidemiologists using observational
methods [5]. Therefore, it is necessary to take their com-
bined estrogenic effects into account. It suggests that a
simple mixture should be evaluated by testing each indi-
vidual compound separately, and thereafter different
combinations of the compounds [29]. In this study, the
mixture of BPA, NP and DES was designed in the
equivalent effect of their individual BMDL10 and LOAEL

Fig. 3 Effect of BPA, NP, and DES on LH, progesterone, and E2 in immature rats. *:P < 0.05
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values, which were derived from their dose-response
curves alone by oral exposure to prepuberty rats. Finally,
we present the combined estrogenic effects of the three
EDCs based on low doses (BMDL10 and LOAEL) by
assessing the implications of low-level exposure to mul-
tiple chemicals.
In vivo experiments, the rodent uterotropic response

assay, long considered the “gold standard” for determin-
ing estrogenicity, was identified as a preferred in vivo
screen [16, 30] . Many study show the the rat uterotro-
pic assays is a suitable model for testing EDCs for estro-
genic activity [31–33]. Here we evaluate the reliability of
the 3-days uterotrophic assay for detecting BPA, NP and
DES with strong or weak estrogenic activity in 18–20
day rats.
To have a good analysis of the predictability of the

combined estrogenic effects of BPA, NP and DES, it is
necessary to examine the individual estrogenic effect of
each chemical. Our study showed significantly increased
the uterus/body weight ratio in treated groups, that indi-
cates the uterus/body weight ratio is the most sensitive

parameter to assess the estrogenic effect. From the
dose-response relationship of estrogenic effects of BPA,
NP and DES in the model of the prepuberty rats, the
BMDL10(NOAEL) of the estrogenic effects of BPA, NP
and DES were 90(120) mg/kg body weight, 6 mg/kg body
weight and 0.10(0.25) μg/kg body weight, and the
LOAEL of the estrogenic effects of three EDCs were
240 mg/kg body weight, 15 mg/kg body weight and
0.50 μg/kg body weight, respectively, which minimal the
mixture combinations at low doses with minimal bio-
logical effects. The data in this study are almost consist-
ent with other studies in the literature [6], this leads us
to believe that our data are representative of responses
seen in rat uterotrophic bioassays.
In order to determine the combination effects of the

three EDCs, there is a need for both a better mathemat-
ical basis for combination rules that predict effects of
mixtures and a fundamental biological concept that sup-
ports quantitative formulas for risk assessment of chem-
ical mixtures [34]. Analysis of mixture data is often
concerned with comparison to a reference model. There

Fig. 4 Hematoxylin and eosin stained images of the uterus from solvent control (a) and rats receiving BPA dosages of 15 (b), 30 (c), 60 (d), 120
(e), and 240mg/kg body weight (f)
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are many models and approaches being introduced to
analyze the mixture interactions. Currently, two math-
ematical models were being developed as a basis for
combination rules that predict the adverse effects of
mixtures starting from the concentrations of the individ-
ual chemicals in the mixture. The most used model is
that of concentration addition (CA) which assumes that
the combined effect of the two chemicals is the same as
it would be if they were both dilutions, of different
strength, of the same substance [35]. Another reference
model is that of independent action (IA), assuming that
the the mixture components act independently of each
other and act on different sub-systems (tissues, cells,
molecular receptors). Our studies have analyzed the
combined estrogenic effects composed of three EDCs
that interact with the same sub-system of an organism
(uterus). Besides, in experiments with similarly acting
chemicals the observed effects were in good agreement
with CA predictions [32]. So in such cases, the concept
of dose or concentration addition is applicable. In our
study, another model of the factorial analysis also was

used, which was a classic statistic method that can dis-
tinguish differences among a predicting factor, but also
can prove if there was interaction between different fac-
tors [34]. which model had been used to examine the
mixture toxicity of different combined exposure of pro-
pylthiouracil, polychlorinated biphenyls, and ammonium
perchlorate on thyroid function in the previous studies
in our lab [20].
Data from the current study demonstrate that a basic-

ally consistent result on mixture toxicity mode at
BMDL10 doses based on the CA concept and the factor-
ial analysis, the mode of combined effects of the three
EDCs were dose addition. Mixtures in LOAEL doses,
NP and DES combined effects on rat uterine/body
weight ratio indicates antagonistic based on the CA
concept but additive based on the factorial analysis.
Combined effects of other mixtures are all additive by
using the two models. In particular, combined BPA and
NP at BMDL10 doses that give no statistically significant
uterotrophic responses when teste on their own, but
when administered together, quite strong ureotrophic

Fig. 5 Hematoxylin and eosin stained images of the uterus from solvent control (a) and rats receiving NP dosages of 15 (b), 30 (c), 60 (d), 120 (e),
and 240mg/kg body weight (f)
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effects (P < 0.05) are abserved in our test. Good evidence
is available to show that combined effects occure even
when all mixtures components are present at levels
below doses that cause observable effects, the traditional
NOAEL/BMDL point of departure for single compound
arguably cannot be used to derive a healthbased guid-
ance value for cumulative risk assesement of mixture
chemicals. This highlights the deficiencies of the pre-
dominant chemical by chemical approach in risk assess-
ment. Mixtures as long as NP and DES coexist, the
observed toxicity are less than the the models tested,
imply that they may have the antagonistic effect. Causes
may be due to the two EDCs have a competition in the
same estrogen receptor sites and reduce the estrogenic
effects, but the mechanisms of how these chemicals
interact with each other on the change of estrogenic ef-
fect require further investigations.
For many chemicals, CA will often predict the most

conservative mixture effect. CA generally generate
slightly more conservative predictions (predicting larger
effects than IA), and as databases on chemicals often

only provides ECx data or NOAEL or LOAEL which
only makes CA predictions possible and not IA, CA is
most often the recommended model for risk assessment
purposes, irrespective of modes of action [36, 38, 39]. The
main drawback of the approach is the use of one global
parameter to estimate the compliance or non-compliance
between an observed and the CA-predicted mixture tox-
icity. In the present study, the quantitative comparison of
the observed toxicity and the models tested was con-
ducted using the MDR, the deviation from the predictive
model were within a factor of two for the CA model,
which derived from the frequency distributions of the
MDR values of many studies [40]. In our study, the MDR
for CA are almost with a factor of 2 ((0.5 ≤MDR ≤ 2)),
only at LOAEL doses, the MDR of NP and DES combined
is beyond this cutoff point, and the value is 0.48, very clos-
ing to 0.5. From the results, the mixture effects at low
doses (BMDL10) showed additive effects, while at higher
doses (LOAEL) with lower MDR values, the combined ef-
fects are to some extend less than additive, which are
likely a result of either potential receptor-saturation effects

Fig. 6 Hematoxylin and eosin stained images of the uterus from solvent control (a) and rats receiving DES dosages of 0.25 (b), 0.5 (c), 1.0 (D), 2.0
(e), and 4.0 μg/kg body weight (f)
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or strong competition among the test compounds for the
binding site of the receptors [41]. This study are also in
line with those reported on effects of mixtures,
non-interaction (additivity) has generally been observed at

lower doses of chemicals, whereas the interactions ob-
served were generally at higher doses [41–43]. But this
shoud take into account for uncertainty in estimates from
the MDR model, the potential deviations from mixture

Fig. 7 Models of the dose-response relationship of the uterus/body weight ratio simulated for the individual chemicals. a. Exponential model for
BPA, b. Hill model for NP, c. Exponential model for DES
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models for error is limited to a particular probability. if
the goal is to limit the risk of underestimating toxicity
with the CA model to 10%, the MDR is 1.69, and at
NOAEL doses, the MDR of BPA and NP combined will
exceed this cutoff point, indicating the potential of syner-
gistic interactions [40]. Account for the deviations, it is
important to further examine with regard to their toxicity
and their frequency of occurrence in the environment.
Compared to the CA model, the factorial analysis was

a easily-applied statistical tool, and independence from
the toxicological points, the results are easy to read and
interpret, but roughly estimate the interaction between
variables and when there were multiple factors present,
it would be hard to decide where the main effect and
interaction came from [37], and it is also hard to quan-
tify the extent of the deviation from the predictive

model. The sample size, dose, and sensitivity of end-
points may all affect the iterpretation of interaction
mode [20]. In generally, the results of CA and factorial
analysis were consistent, but the CA model provides
more accurate results than the factorial analysis.
In our study, we performed a more detailed hazard as-

sessment of three EDCs, and selected the POD of each
EDCs as the dose design basis for the study of the com-
bined action pattern. It has been shown above that for
mixtures, CA can be expected to give a reasonable esti-
mate of the mixture effects, which is intended to give a
precautionary estimate of the mixture effects for futher
use within risk assessment procedures. But it is still in
developemntal stages, the interaction of the mixture
largely depended on the concepts and methods used,
moreover, problems remained that mixture we tested

Table 2 Results of factorial analysis for the relative weight of uterus treated with combination of BPA,NP and DES(n = 10)

group BMDL10 LOAEL

uterus/body weight ratio (g/kg, %) F Value P-Value uterus/body weight ratio (g/kg, %) F Value P-Value

Variance source

Blank control 0.79 ± 0.08 – – 0.79 ± 0.08 – –

vehicle control 0.75 ± 0.14 – – 0.75 ± 0.14 – –

Main effect

BPA 0.80 ± 0.20 3.65 0.06 0.95 ± 0.23 11.87 P < 0.05

NP 0.79 ± 0.22 1.00 0.32 0.93 ± 0.18 1.71 0.20

DES 0.85 ± 0.19 0.72 0.40 0.93 ± 0.16 5.57 P < 0.05

Interaction

BPA + NP 0.95 ± 0.27 1.07 0.31 1.00 ± 0.19 1.09 0.30

BPA + DES 0.87 ± 0.21 0.12 0.73 1.08 ± 0.25 0.003 0.96

NP + DES 0.80 ± 0.17 1.07 0.31 0.93 ± 0.12 2.69 0.11

BPA + NP + DES 0.92 ± 0.23 0.01 0.911 1.06 ± 0.11 0.49 0.49

ANOVA was used to test the statistical significance for the main effect and interaction. “P < 0.05” indicated statistically significant main effect for individula EDCs
or interactions among EDCs
BPA Bisphenol A; NP Nonylphenol, DES Diethylstilbestrol, BMDL Benchmark dose lower confidence limit,LOAEL Lowest observed adverse effect level

Table 3 The MDRs between predeiction and tested results of uterus/body weight ratio treated with combination of BPA, NP and
DES

group uterus/body weight
ratio (g/kg, %)

weight gain rate
of the uterus(%)

predicted effective concentration
(mg/kg bw)

MDR combined effect

BMDL10

BPA + NP 0.95 ± 0.27 26.59 ± 35.85 189.31 1.93 additive

BPA + DES 0.87 ± 0.21 17.11 ± 28.05 119.44 1.30 additive

NP + DES 0.80 ± 0.17 7.21 ± 22.52 3.77 0.63 additive

BPA + NP + DES 0.92 ± 0.23 22.61 ± 31.33 161.82 1.10 additive

LOAEL

BPA + NP 1.00 ± 0.19 33.53 ± 25.26 250.22 0.97 additive

BPA + DES 1.08 ± 0.25 44.90 ± 32.99 174.08 0.73 additive

NP + DES 0.93 ± 0.12 24.66 ± 15.87 7.21 0.48 antagonistic

BPA + NP + DES 1.06 ± 0.11 41.33 ± 14.81 139.12 0.54 additive

BPA Bisphenol A, NP Nonylphenol, DES Diethylstilbestrol, BMDL Benchmark dose lower confidence limit, LOAEL Lowest observed adverse effect level
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were with similar modes of action, but low-level pres-
ence of various kinds of chemicals with different mecha-
nisms were more likely the case in the environment. So
additional studies are needed to further develop predict-
ive models.

Conclusions
In summary, our objective is to carry out an analysis of in-
teractions of BPA, NP, and DES on estrogenic effects a
predefined effect level (BMDL and LOAEL) by using
“concentration addition” and “factorial analysis” methods.
Our results show that the CA model provides more accur-
ate results than the factorial analysis, the mode of com-
bined effects of the three EDCs were dose addition, except
mixtures in LOAEL doses, NP and DES combined effects
indicates antagonistic based on the CA concept but addi-
tive based on the factorial analysis. In particular, BPA and
NP work together to produce combination effects that are
larger than the effects of each mixture component applied
separately at BMDL doses, clearly show that additivity is
important in the assessment of chemicals with estrogenic
effects, the use of BMDL as points of departure in risk as-
sessment may lead to underestimations of risk, and a
more balanced approach should be considered in risk
assessment.
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