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Abstract

:

Comprehension of compound interactions in mixtures is of increasing interest to scientists, especially from a perspective of mixture risk assessment. However, most of conducted studies have been dedicated to the effects on gonads, while only few of them were. interested in the effects on the central nervous system which is a known target for estrogenic compounds. In the present study, the effects of estradiol (E2), a natural estrogen, and genistein (GEN), a phyto-estrogen, on the brain ER-regulated cyp19a1b gene in radial glial cells were investigated alone and in mixtures. For that, zebrafish-specific in vitro and in vivo bioassays were used. In U251-MG transactivation assays, E2 and GEN produced antagonistic effects at low mixture concentrations. In the cyp19a1b-GFP transgenic zebrafish, this antagonism was observed at all ratios and all concentrations of mixtures, confirming the in vitro effects. In the present study, we confirm (i) that our in vitro and in vivo biological models are valuable complementary tools to assess the estrogenic potency of chemicals both alone and in mixtures; (ii) the usefulness of the ray design approach combined with the concentration-addition modeling to highlight interactions between mixture components.
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1. Introduction


Compounds able to interact with the estrogen receptors (ER) have been extensively studied over the years due to the threat they represent to aquatic species and particularly to fish reproduction and development [1,2]. However, in the aquatic environment, fish are often exposed not only to estrogenic chemicals alone but rather to mixtures, highlighting the constant need to understand compound interactions in mixtures and to develop new assays and approaches to this end.



Several studies have evaluated the combined effects of estrogenic compounds on aquatic organisms [3,4,5,6,7,8,9,10,11,12], generally concluding on an additive effect in mixtures both in vivo and in vitro. However, most in vivo studies addressed the effects of mixtures of estrogenic compounds on gonads and other peripheral organs, while only few of them studied effects on the central nervous system despite increasing evidences that estrogenic compounds interfere in neuroendocrine regulations.



In fish, the cyp19a1b gene encodes the brain aromatase. In zebrafish, cyp19a1b is expressed in radial glial cells of the brain which are crucial neuronal progenitors [13,14]. Estrogenic compounds are known to highly up-regulate cyp19a1b gene expression by an ER-dependent mechanism [3,15]. By using zebrafish-specific in vitro and in vivo bioassays based on the cyp19a1b gene coupled to a complete modeling approach, we recently demonstrated additive effects of ethynilestradiol and levonorgestrel, a pro-estrogenic compound, on cyp19a1b gene in glial cells [12].



In this context, the present study aimed to investigate the effects of single and combined exposure to two estrogens with different estrogenic potencies, on the expression of the zebrafish cyp19a1b gene. For this purpose, two in vitro and in vivo bioassays based on the zebrafish cyp19a1b gene were used: (i) an ER-negative human glial cell culture (U251-MG) co-transfected with two different zebrafish ER subtypes (zfERα and zfERβ2) and a luciferase gene under the control of the zebrafish cyp19a1b promoter [16] and (ii) a transgenic zebrafish (cyp19a1b-GFP) line expressing GFP under the control of the zebrafish cyp19a1b promoter which is used to evaluate estrogenicity of chemicals at the embryo-larval stage [3,6]. Mixtures assessed were composed of a natural potent estrogen, i.e., 17β-estradiol (E2), and a weaker estrogen, i.e., genistein (GEN), a major phytoestrogen of the isoflavone class. GEN, a human ERβ selective activator, was shown to be estrogenic in diverse in vitro and in vivo assays (for review see [17]), including in the U251-MG and in transgenic cyp19a1b-GFP zebrafish bioassays [3,16]. In the end, this comparative in vitro and in vivo approach was used to (i) determine the potential interactions between E2 and GEN in mixtures and (ii) evaluate the complementarity of the in vitro and in vivo models used in these experiments. The concentration-addition (CA) model for mixtures was used as the reference no-interaction model. Deviations from the CA model were quantified in terms of antagonism or synergism by using Jonker et al. interaction models [18] and their statistical significance was tested. Thereby, the present study reports antagonistic effects of E2 and GEN in mixtures on the expression of the ER-regulated gene cyp19a1b in a glial cell context.




2. Results


2.1. In Vitro Effects of Single Test Compounds


The effects of E2 and GEN alone were assessed in U251-MG glial cells co-transfected with zfERs and the zf-cyp19a1b promoter-luciferase reporter. One concentration-response experiment was carried out for each compound and each ER with three replicate wells for each condition. Luciferase activity was induced by E2 treatment in a concentration-dependent manner (Supplementary Figure S1). The EC50s (median effective concentration) were estimated at 1.86 × 10−10 M for ERα and 1.18 × 10−10 M for ERβ2. EC50s for GEN were estimated at 5.05 × 10−8 M for ERα and 2.96 × 10−9 M for ERβ2.




2.2. In Vitro Effects of Binary Mixtures of E2 and GEN


To confirm EC50s previously obtained in single test compound experiments, EC50s for E2 and GEN were also estimated from mixture experiments. EC50s for E2 were 4.29 × 10−11 and 1.38 × 10−11 M for U251-MG glial cells transfected with ERα and ERβ2 respectively. For GEN, EC50s were 1.68 × 10−8 and 4.78 × 10−9 M for U251-MG glial cells transfected with ERα and ERβ2 respectively. The U251-MG cells were slightly more sensitive to estradiol in the mixture experiments (EC50s were 2 to ten-fold lower than in the single compound experiments), but the relative potency on ERα was relatively unchanged (1.5 factor) and the relative potency on ERβ2 changed over ten-fold, so that in the mixture experiment the relative potencies were the same on ERα and ERβ2.



In vitro, a concentration-dependent induction of luciferase activity was measured with the three different mixture ratios of E2 and GEN in U251-MG cells transfected both with ERα and ERβ2 (Figure 1). The mixture model that displayed the best fit to the in vitro data was the dose-level dependent interaction model (DL) with identical slopes for the single compounds [18]. This model showed a significant improvement of the goodness of fit as compared to the CA model (approximate F-tests: p = 7.9 × 10−4 for ERα and p = 8.4 × 10−3 for ERβ2). Interaction parameters of the DL model (α = 19.3 and β = 0.0248 for ERα, α = 12.9 and β = 0.0158 for ERβ2) indicated strong antagonism at low concentrations between E2 and GEN in mixtures for both estrogen receptors. This antagonism was also highlighted by the deviation of the EC50s isoboles observed in the two experiments (Figure 2).




2.3. In Vivo Effects of Single Test Compounds


No effect due to chemical exposure was observed on lethality or time to hatch during any of the in vivo studies at the concentrations used in the experiments reported here.



A 96-h exposure to E2 led to a concentration-dependent induction of GFP expression in transgenic cyp19a1b-GFP zebrafish (Supplementary Figure S2), with an EC50 of 2.25 × 10−10 M (4 independent experiments with 8–19 transgenic zebrafish per condition). GFP expression is detected in radial glial cells of the brain (Figure 3). A concentration-dependent induction of GFP expression in radial glial cells of the brain after exposure to GEN was measured with an EC50 of 1.45 × 10−6 M (Supplementary Figure S2) (2 experiments with 8–19 transgenic zebrafish per condition).




2.4. In Vivo Effects of Binary Mixtures of E2 and GEN


In the two independent mixture experiments with transgenic cyp19a1b-GFP zebrafish, estimated EC50s for single compounds were 2.69 × 10−10 M for E2 and 7.48 × 10−7 M for GEN. The relative potency based on these EC50s is of the same order of magnitude as in the single compound experiments.



In transgenic cyp19a1b-GFP zebrafish, the mixtures of E2 and GEN induced GFP expression in radial glial cells in a concentration-dependent manner (Figure 4). Observed responses were compared to the concentration-response surfaces modeled with the CA model with different slopes for each compound to improve the model goodness of fit [19] and were in good agreement in the two independent experiments (lack-of-fit F-test compared to the analysis of variance model: p = 0.755 (experiment 1) and p = 0.195 (experiment 2)) indicating that the CA model was not rejected. Interactions were then added to the CA model [18]. The simple interaction model (SA) showed a significant improvement of the adjustment quality of the model (approximate F-tests: p = 0.00325 for experiment 1 and p = 0.0276 for experiment 2) with interaction parameters of 2.19 (experiment 1) and 1.54 (experiment 2), indicating antagonism between E2 and GEN. This antagonism was also highlighted by the deviation of the isoboles observed in the two experiments (Figure 5). The simple antagonism model was the one finally accepted as none of the two-parameters models (dose-ratio (DR) and DL) improved goodness of fit compared to the SA model.





3. Discussion


In the present study, natural estrogen (E2) and phytoestrogen (GEN) were shown to be potent inducers of the ER-regulated cyp19a1b gene both in vitro and in vivo. In the cyp19a1b-GFP transgenic zebrafish line, E2 up-regulated GFP expression in radial glial cells of the brain. In a previous study, a similar EC50 was reported for the same in vivo biological model [3]. As previously reported for EE2, EC50 reported for E2 in an ERE-GFP transgenic zebrafish line [20] is over ten times higher than that calculated in the cyp19a1b-GFP transgenic zebrafish line, confirming the high sensitivity of this biological in vivo model to (xeno-)estrogens. In U251-MG cells transfected with ERα or ERβ2, calculated EC50s are equivalent to those reported for the cyp19a1b-GFP transgenic zebrafish line and for transactivation assays using human embryonic kidney (293HEK) cells [20] and zebrafish liver cells (ZELH) [21] transfected with zfERs. However, 293HEK cells displayed a greater sensitivity to E2 when transfected with human ERs than with zfERs, supporting the relevance of using fish models to evaluate potential effects of compounds on fish. Nevertheless, our results confirm that the two biological models used in the present study are sensitive and reliable tools for the study of estrogenic potency of chemicals.



GEN is a phytoestrogen with several effects on fish reproduction and development (for a review see [22]), and is known to have a lower estrogenic potency than E2. In U251-MG cells, EC50s calculated for GEN were 270 (ERα) and 25 (ERβ2) times higher than those calculated for E2 (based on single compound experiments), confirming the higher estrogenic potency of E2. In other human cell lines (MELN with endogenous human ERs, HELN transfected with human ERs), EC50 reported for GEN were in the same range as in our U251-MG assays [23,24], while in fish cell lines transfected with fish ERs (PELN, PRTH, ZELH), EC50s were 10–100 times higher suggesting a lower sensitivity of these biological models to estrogens [21,25]. Interestingly, in our U251-MG cell model, GEN is a selective ERβ modulator as previously reported in humans [23]. Furthermore, while for E2, the sensitivity of cyp19a1b gene expression was the same in both cyp19a1b-GFP transgenic zebrafish and U251-MG cells; for GEN, the transgenic zebrafish line was less sensitive than the U251-MG cells. These differences might be related to the presence in the entire organism (transgenic zebrafish) of metabolic capacities, including phase I and II biotransformation and efflux transporter proteins. Such metabolic processes might help reducing GEN availability for the ERs in radial glial cells, leading to higher EC50s in vivo. Although high GEN concentrations are necessary to induce cyp19a1b expression in the cyp19a1b-GFP transgenic zebrafish assay, response to GEN seems to be more sensitive compared to another in vivo short-term (48 h) zebrafish embryo assay using morphological defects as endpoints (edema, head and tail malformation, reduced spontaneous movement and blood circulation) (EC50 for GEN of 427 µg/L in cyp19a1b-GFP transgenic zebrafish vs. 2.8 mg/L) [26]. Moreover, it is of interest to note that, in the cyp19a1b-GFP transgenic zebrafish assay, the effects were observed in the central nervous system, i.e., radial glial cells that are progenitor cells of the brain, in early-life stage fish exposed for very short periods.



In the present study, the effects of mixtures of E2 and GEN on the expression of zebrafish cyp19a1b gene were also addressed both in vitro and in vivo. By this approach, antagonistic effects of E2 and GEN in mixtures on cyp19a1b gene expression in a glial cell context were highlighted. In vivo in transgenic cyp19a1b-GFP zebrafish, these antagonistic effects were observed at all concentrations and ratios of mixtures while in vitro in U251-MG cells, the antagonism was underlined at low concentrations for both estrogen receptors. Even if mixtures of estrogenic compounds usually lead to additive effects, some deviations from the CA model (antagonisms/synergisms) have already been reported both in vitro [8,27,28] and in vivo [5,29]. As regards E2 and GEN mixtures, only additive effects were observed in MCF-7 human breast cancer cells on the ER-dependent proliferation process [30,31]. However, in MCF-7 cells transfected with an ER-reporter gene transactivation system, E2 and GEN exerted an antagonistic interaction at low concentrations of mixtures [32] just like the effects measured in our U251-MG cells model. To our knowledge, in the literature, no antagonism of E2 and GEN in mixtures was reported for in vivo experiments, however, the results obtained in the present study in the cyp19a1b-GFP transgenic zebrafish usefully confirmed the antagonistic effects of these compounds in a glial cell context. The origin of the antagonistic interaction observed both in vitro and in vivo is not known but it may rely on the differing abilities of E2 and GEN to recruit ERs and/or coregulators as previously showed in human cell lines [33,34]. Overall, these results clearly demonstrate the importance of our two biological models for the study of mixtures since they both highlighted the antagonistic effects of E2 and GEN in mixtures on the cyp19a1b gene expression.




4. Materials and Methods


4.1. Compounds


E2 (purity ≥ 98%, CAS number: 50-28-2; ref E8875) and GEN (purity ≥ 98%; CAS number: 446-72-0; ref G6649) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).




4.2. Zebrafish Maintenance and Breeding


The cyp19a1b-GFP transgenic zebrafish [35] were raised in our laboratory facility at INERIS (Institut National de l’Environnement Industriel et des Risques, Verneuil-en-Halatte, France). They were maintained in a recirculation system (Zebtec, Tecniplast, Buguggiate, Italy) filled with 3.5 L aquaria. They were kept on a 14 h light:10 h dark cycle at a temperature of 27.0 ± 2.0 °C. For reproductions, 2 males and 1 female adult fish were gathered in each aquarium. Fertilized eggs were harvested and disinfected for 5 min in water supplemented with 0.1% of commercial bleach (2.6% of sodium hypochlorite).




4.3. Zebrafish Exposure to Estrogenic Compounds


Fertilized cyp19a1b-GFP transgenic zebrafish eggs were exposed to chemicals (alone or in mixtures) or to solvent control (DMSO, 0.02% v/v) according to [12]. Each experimental condition contained 20 embryos in 100 mL of water. Embryos were exposed for 96 h between 0 and 4 days post fertilization (dpf) without water renewal. At the end of the exposure period, 4-dpf old zebrafish were processed for fluorescence measurement by image analysis. Only cyp19a1b-GFP transgenic zebrafish larvae were photographed at the end of the experiment. Each experiment was conducted twice independently. All experimentations were performed in accordance with the European directive 2010/63/EU for animal experimentation.




4.4. In Vivo Imaging


In vivo fluorescence imaging was performed according to [3]. Each live cyp19a1b-GFP transgenic embryo was photographed once in dorsal view using a Zeiss AxioImager Z1 fluorescence microscope equipped with an AxioCam Mrm camera (Zeiss GmbH, Göttingen, Germany). The same exposure conditions were used to acquire each photograph (X10 objective, 134 ms of fluorescent light exposure, maximal light intensity). Fluorescence quantification was performed using Image J software (available online: http://rsb.info.nih.gov/ij/). For each picture, the integrated density (IntDen) was measured, i.e., the sum of the gray-values of all the pixels within the region of interest. All gray-values of 300 or less were considered as background values.




4.5. U251-MG Cell Bioassay


The U251-MG (ECACC, human astrocyte) are ER-negative glial cell line and were maintained at 37 °C in 5% CO2 atmosphere in phenol red–free Dulbecco’s Modified Eagle’s Medium (DMEM-F12, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 8% fetal calf serum (FCS), 2 mM l-glutamine, 20 U/mL penicillin, 20 μg/mL streptomycin and 50 ng/mL amphotericin B.



One day before the transfection, cells were scraped, washed and seeded at 2 × 104 cells/mL in 24-well plates in fresh medium containing 8% FCS. Transfection and luciferase assays were performed as previously described [16]. Briefly, after 24 h, the medium was replaced with fresh phenol red-free DMEM containing 2% charcoal/dextran FCS. Cells were transfected with plasmid-DNA using JetPEITM reagent, as indicated by the manufacturer (Polyplus-transfection, Illkirch, France). The DNA templates for each well correspond to 25 ng of zfER expression plasmid [36], 150 ng of the zebrafish cyp19a1b promoter linked to the luciferase reporter plasmid [37] and 25 ng of the internal β-galactosidase control vector (CMV-βgal). After one night, medium was replaced with fresh DMEM-F12 containing 2% charcoal/dextran FCS and cells were exposed to vehicle (DMSO, 0.1% v/v) and various concentrations of the test compounds. After 36 h, the luciferase activities were determined using the luciferase assay system (Promega, Charbonnières-les-Bains, France) and the β-galactosidase activity was used to normalize transfection efficiency in all experiments. Each experiment was performed at least in triplicate and the results were expressed as fold induction relative to the vehicle.




4.6. Data Normalization


In the in vivo assay with cyp19a1b-GFP transgenic zebrafish, induction of GFP fluorescence was measured as IntDen and, since the data were obtained from several independent experiments, they were normalized by dividing by the geometric mean of the IntDen in the DMSO control group, thus expressing results as Log Fold inductions.



In the in vitro assays with U251-MG cell cultures, data normalization was performed by dividing by the geometric mean of the corresponding solvent control group. The mixture dose-response experiments were reproduced twice in vivo and in the ERα assay, and three times in the ERβ2 assay. However, due to high variability in replicate measures within each experiment, the three replicate datapoints at each concentration within each experiment were averaged, and the mixture dose-response model was based on two (ERα) or three (ERβ2) average values at each concentration. Moreover, in the ERβ2 assay, the maximum responses varied between experiments, and the data were therefore expressed as a percent of log-fold induction produced by E2 in each experiment.




4.7. Concentration-Response Modeling


The relationship between concentration and log-fold induction was modeled with a 4-parameter Hill model:


   Φ  ( c )  = M i n +   M a x − M i n   1 +    (   c  E C 50    )   β      



(1)




where Min is the minimum level of induction, Max is the maximum level of induction, c is the concentration, EC50 is the concentration producing 50% of the maximum induction, and β is the Hill slope. The first step of the dose-response analysis in both in vivo and in vitro experiments was to estimate common values of Min and Max for both single compounds within each biological model. The models with a common Min and Max on the one hand and with freely varying Min and Max on the other hand were compared with lack-of-fit F-tests. Appropriateness of the dose-response models were also tested with a test for lack-of-fit compared to ANOVA models. As a second step, common values of Min, Max and Slope were estimated for E2 and GEN. Lack-of-fit F-tests were performed to check that the model did not fit less well than when the slope varied freely. The parameters were estimated by least squares, using R 3.1.1 [38] and package drc [39]. All the data and R codes used in this study are available in Supplementary materials (Supplementary Figure S3).




4.8. Mixture Experimental Designs


The mixture experimental design was developed based on relative potency of single compounds according to [12].



In the in vivo assay, relative potency of E2 and GEN were estimated with the EC50 obtained by modelling dose-response data from respectively four and two experiments with the 4-parameter Hill model. Mixture experiments were performed according to a ray design with one ray for each single chemical and three mixture ratios (3:1, 1:1, and 1:3 expressed as relative potencies). Each ray was tested with five concentrations with 4-fold serial dilutions, centered around the EC50, except for GEN for which the highest concentrations were reduced because of their toxicity to fish (range of E2 concentrations from 4.8 × 10−12 to 5 × 10−9 M and range of GEN concentrations from 2.4 × 10−8 to 6.25 × 10−6 M) (Table 1). In theory, interactions are likely to be most visible at the equimolar mixture ratios.



The same approach was used to design the experiments for the in vitro assay with U251-MG cells. To calibrate the design, we used one experiment with E2 and GEN performed on the same plate. The ray designs built for the in vitro assays are presented in Table 2 for both ERα and ERβ2.




4.9. Mixture Concentration-Response Modeling


The mixture concentration-response modeling was performed as described in [12] with some adjustments when necessary. Concentration-response surfaces were modeled with the CA model [19] under the assumption of absence of interactions, using Berenbaum’s general solution [40]. This application of the CA model can be used in cases where the dose-responses of the mixture components produce same minimal and maximal effect: it does not require equal slopes in the dose-response models for single compounds. The use of the CA model when slopes differ remains a subject of controversy, because this would suggest that the single compound’s modes of action are different [41,42]. In agreement with Berenbaum’s general solution, the concept of Toxic Equivalent Factors, where slopes are required to be equal, is viewed as a more restrictive version of CA [43]. Prior to modelling the dose-response surface, individual rays were modelled with a Hill model with either freely varying slopes and EC50s or simply freely varying EC50s when this was not detrimental to the goodness-of-fit. On the other hand, Faust et al. [44] underline that their results do not support the idea that CA can only be applied with similar DR curves. Other authors believe that differences in Hill parameters or even differences in dose-response functions do not necessarily imply different sites of action and consider that the heterogeneity of binding sites can imply more complex dose-response functions [45]. CA has however provided adequate predictions even for mixtures where the mode of action was not identical [46].



A variety of methods have been developed for quantifying interactions based on analysis of specifically designed mixture dose-response data [47]. These include graphical methods that quantify deviations from isoboles [48,49], the widely-used Combination Index designed by Chou and Talalay [50,51], statistical methods for testing local departure from additivity [52], and modelling of the entire dose-response surface [47]. The method developed by [52] and dose-response surface modeling both allow appropriate error structure modelling [53,54] statistical tests of the significance of departures from the no-interaction model. Nonlinear response-surface analysis has the additional advantage of allowing for more complex interactions that depend on the response level or the mixture ratio [18] which could be relevant especially for endocrine disrupting compounds.



Interaction terms for simple antagonism/synergy (SA), dose-ratio dependent interactions (DR), and dose-level dependent interactions (DL) were subsequently added to the CA model [18]. These interaction models developed by Jonker et al. (2005) [18] allow for different slopes for the single compounds, but the interactions can be either calculated on toxic units based on the EC50 or on the EC at the response level under study:


    z i  =   T U  x i      ∑  j = 1  n   T U  x j        








where either    T U  x i  =    c i    E C   50  i       or    T U  x i  =    c i    E C  x i       For example, for simple synergism or antagonism, these toxic units are used in the following deviation function used by Jonker et al. (2005) [18].


   G (  z 1  , … ,  z n  ) = a   ∏  i = 1  n    z i      











We therefore tested both implementations of the interaction definitions. Significance of the interactions was assessed using approximate F-tests on the residual sums of squares by considering that the models were nested. Acceptability of the concentration-response surface models was assessed with a lack-of-fit F-test compared to the analysis of variance model. Optimisation of parameter values for the dose-response surfaces was performed with R 3.1.1 [38], package dfoptim [55].





5. Conclusions


In the present study, we confirm (i) that our in vitro (U251-MG cells) and in vivo (cyp19a1b-GFP transgenic zebrafish) biological models are valuable tools to assess the estrogenic potency of chemicals both alone and in mixtures as previously stated [12]; (ii) the usefulness of the ray design approach to highlight interactions between mixture components in providing surface dose-response data and simple graphical representations. Our results show that mixture of two ER agonists, a phytoestrogen (GEN) and a natural estrogen (E2), could produce effects that deviate from the assumption of simple additivity, i.e., antagonistic effects, demonstrating the importance of considering chemical mixtures for a better understanding of the effects of ER agonists on organisms. From that point of view, both the U251-MG transactivation assay and the cyp19a1b-GFP transgenic zebrafish assay are reliable, flexible and simple assays, useful for the complex experimental design needed for mixture testing. Although extrapolation from the present assays to environmental situations appears difficult, as reported in our previous study [12], this assay could possibly help in determining the interactions of compounds in multi-component mixtures and/or identify compounds/mixtures that need further investigations in in vivo studies with more integrative endpoints.
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	Concentration Addition



	DL
	Dose-Level dependent interaction model



	E2
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	Green Fluorescent Protein



	SA
	Simple Interaction model







References


	



Jobling, S.; Beresford, N.; Nolan, M.; Rodgers-Gray, T.; Brighty, G.C.; Sumpter, J.P.; Tyler, C.R. Altered sexual maturation and gamete production in wild roach (Rutilus rutilus) living in rivers that receive treated sewage effluents. Biol. Reprod. 2002, 66, 272–281. [Google Scholar] [CrossRef] [PubMed]

	



Nash, J.P.; Kime, D.E.; Van der Ven, L.T.; Wester, P.W.; Brion, F.; Maack, G.; Stahlschmidt-Allner, P.; Tyler, C.R. Long-term exposure to environmental concentrations of the pharmaceutical ethynylestradiol causes reproductive failure in fish. Environ. Health Perspect. 2004, 112, 1725–1733. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Brion, F.; Le Page, Y.; Piccini, B.; Cardoso, O.; Tong, S.K.; Chung, B.C.; Kah, O. Screening estrogenic activities of chemicals or mixtures in vivo using transgenic (cyp19a1b-GFP) zebrafish embryos. PLoS ONE 2012, 7, e36069. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kortenkamp, A. Ten years of mixing cocktails: A review of combination effects of endocrine-disrupting chemicals. Environ. Health Perspect. 2007, 115 (Suppl. 1), 98–105. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.L.; Janz, D.M. Effects of binary mixtures of xenoestrogens on gonadal development and reproduction in zebrafish. Aquat. Toxicol. 2006, 80, 382–395. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, K.; Fetter, E.; Kah, O.; Brion, F.; Scholz, S.; Tollefsen, K.E. Transgenic (cyp19a1b-GFP) zebrafish embryos as a tool for assessing combined effects of oestrogenic chemicals. Aquat. Toxicol. 2013, 138–139, 88–97. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, K.; Tollefsen, K.E. Assessing combined toxicity of estrogen receptor agonists in a primary culture of rainbow trout (Oncorhynchus mykiss) hepatocytes. Aquat. Toxicol. 2011, 101, 186–195. [Google Scholar] [CrossRef] [PubMed]

	



Rajapakse, N.; Silva, E.; Scholze, M.; Kortenkamp, A. Deviation from additivity with estrogenic mixtures containing 4-nonylphenol and 4-tert-octylphenol detected in the e-screen assay. Environ. Sci. Technol. 2004, 38, 6343–6352. [Google Scholar] [CrossRef] [PubMed]

	



Thorpe, K.L.; Hutchinson, T.H.; Hetheridge, M.J.; Scholze, M.; Sumpter, J.P.; Tyler, C.R. Assessing the biological potency of binary mixtures of environmental estrogens using vitellogenin induction in juvenile rainbow trout (Oncorhynchus mykiss). Environ. Sci. Technol. 2001, 35, 2476–2481. [Google Scholar] [CrossRef] [PubMed]

	



Garriz, A.; Menendez-Helman, R.J.; Miranda, L.A. Effects of estradiol and ethinylestradiol on sperm quality, fertilization, and embryo-larval survival of pejerrey fish (Odontesthes bonariensis). Aquat. Toxicol. 2015, 167, 191–199. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.T.; Wang, Z.J.; Liu, H.C. Effects of individual and binary mixtures of estrogens on male goldfish (Carassius auratus). Fish Physiol. Biochem. 2014, 40, 1927–1935. [Google Scholar] [CrossRef] [PubMed]

	



Hinfray, N.; Tebby, C.; Garoche, C.; Piccini, B.; Bourgine, G.; Ait-Aissa, S.; Kah, O.; Pakdel, F.; Brion, F. Additive effects of levonorgestrel and ethinylestradiol on brain aromatase (cyp19a1b) in zebrafish specific in vitro and in vivo bioassays. Toxicol. Appl. Pharmacol. 2016, 307, 108–114. [Google Scholar] [CrossRef] [PubMed]

	



Diotel, N.; Vaillant, C.; Gabbero, C.; Mironov, S.; Fostier, A.; Gueguen, M.-M.; Anglade, I.; Kah, O.; Pellegrini, E. Effects of estradiol in adult neurogenesis and brain repair in zebrafish. Horm. Behav. 2013, 63, 193–207. [Google Scholar] [CrossRef] [PubMed]

	



Pellegrini, E.; Mouriec, K.; Anglade, I.; Menuet, A.; Le Page, Y.; Gueguen, M.M.; Marmignon, M.H.; Brion, F.; Pakdel, F.; Kah, O. Identification of aromatase-positive radial glial cells as progenitor cells in the ventricular layer of the forebrain in zebrafish. J. Comp. Neurol. 2007, 501, 150–167. [Google Scholar] [CrossRef] [PubMed]

	



Le Page, Y.; Menuet, A.; Kah, O.; Pakdel, F. Characterization of a cis-acting element involved in cell-specific expression of the zebrafish brain aromatase gene. Mol. Reprod. Dev. 2008, 75, 1549–1557. [Google Scholar] [CrossRef] [PubMed]

	



Le Page, Y.; Scholze, M.; Kah, O.; Pakdel, F. Assessment of xenoestrogens using three distinct estrogen receptors and the zebrafish brain aromatase gene in a highly responsive glial cell system. Environ. Health Perspect. 2006, 114, 752–758. [Google Scholar] [CrossRef] [PubMed]

	



Lecomte, S.; Demay, F.; Ferriere, F.; Pakdel, F. Phytochemicals targeting estrogen receptors: Beneficial rather than adverse effects? Int. J. Mol. Sci. 2017, 18, 1381. [Google Scholar] [CrossRef]

	



Jonker, M.J.; Svendsen, C.; Bedaux, J.J.; Bongers, M.; Kammenga, J.E. Significance testing of synergistic/antagonistic, dose level-dependent, or dose ratio-dependent effects in mixture dose-response analysis. Environ. Toxicol. Chem. SETAC 2005, 24, 2701–2713. [Google Scholar] [CrossRef]

	



Loewe, S. The problem of synergism and antagonism of combined drugs. Arzneimittelforschung 1953, 3, 285–290. [Google Scholar] [PubMed]

	



Legler, J.; Zeinstra, L.M.; Schuitemaker, F.; Lanser, P.H.; Bogerd, J.; Brouwer, A.; Vethaak, A.D.; De Voogt, P.; Murk, A.J.; Van der Burg, B. Comparison of in vivo and in vitro reporter gene assays for short-term screening of estrogenic activity. Environ. Sci. Technol. 2002, 36, 4410–4415. [Google Scholar] [CrossRef] [PubMed]

	



Cosnefroy, A.; Brion, F.; Maillot-Marechal, E.; Porcher, J.M.; Pakdel, F.; Balaguer, P.; Ait-Aissa, S. Selective activation of zebrafish estrogen receptor subtypes by chemicals by using stable reporter gene assay developed in a zebrafish liver cell line. Toxicol. Sci. 2012, 125, 439–449. [Google Scholar] [CrossRef] [PubMed]

	



Jarošová, B.; Javůrek, J.; Adamovský, O.; Hilscherová, K. Phytoestrogens and mycoestrogens in surface waters—Their sources, occurrence, and potential contribution to estrogenic activity. Environ. Int. 2015, 81, 26–44. [Google Scholar] [CrossRef] [PubMed]

	



Escande, A.; Pillon, A.; Servant, N.; Cravedi, J.-P.; Larrea, F.; Muhn, P.; Nicolas, J.-C.; Cavaillès, V.; Balaguer, P. Evaluation of ligand selectivity using reporter cell lines stably expressing estrogen receptor alpha or beta. Biochem. Pharmacol. 2006, 71, 1459–1469. [Google Scholar] [CrossRef] [PubMed]

	



Pillon, A.; Servant, N.; Vignon, F.; Balaguer, P.; Nicolas, J.C. In vivo bioluminescence imaging to evaluate estrogenic activities of endocrine disrupters. Anal. Biochem. 2005, 340, 295–302. [Google Scholar] [CrossRef]

	



Cosnefroy, A.; Brion, F.; Guillet, B.; Laville, N.; Porcher, J.M.; Balaguer, P.; Ait-Aissa, S. A stable fish reporter cell line to study estrogen receptor transactivation by environmental (xeno)estrogens. Toxicol. In Vitro 2009, 23, 1450–1454. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schiller, V.; Wichmann, A.; Kriehuber, R.; Muth-Kohne, E.; Giesy, J.P.; Hecker, M.; Fenske, M. Studying the effects of genistein on gene expression of fish embryos as an alternative testing approach for endocrine disruption. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2013, 157, 41–53. [Google Scholar] [CrossRef] [PubMed]

	



Soto, A.M.; Fernandez, M.F.; Luizzi, M.F.; Oles Karasko, A.S.; Sonnenschein, C. Developing a marker of exposure to xenoestrogen mixtures in human serum. Environ. Health Perspect. 1997, 105 (Suppl. 3), 647–654. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, T.; Ide, K.; Ishida, M. Response of mcf-7 human breast cancer cells to some binary mixtures of oestrogenic compounds in vitro. J. Pharm. Pharmacol. 2001, 53, 1549–1554. [Google Scholar] [CrossRef] [PubMed]

	



Kunz, P.Y.; Fent, K. Estrogenic activity of ternary UV filter mixtures in fish (Pimephales promelas)—An analysis with nonlinear isobolograms. Toxicol. Appl. Pharmacol. 2009, 234, 77–88. [Google Scholar] [CrossRef] [PubMed]

	



Van Meeuwen, J.A.; ter Burg, W.; Piersma, A.H.; van den Berg, M.; Sanderson, J.T. Mixture effects of estrogenic compounds on proliferation and pS2 expression of MCF-7 human breast cancer cells. Food Chem. Toxicol. 2007, 45, 2319–2330. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Z.; Edwards, R.J.; Boobis, A.R. Proteomic analysis of human breast cell lines using SELDI-TOF MS shows that mixtures of estrogenic compounds exhibit simple similar action (concentration additivity). Toxicol. Lett. 2008, 181, 93–103. [Google Scholar] [CrossRef] [PubMed]

	



Charles, G.D.; Gennings, C.; Zacharewski, T.R.; Gollapudi, B.B.; Carney, E.W. Assessment of interactions of diverse ternary mixtures in an estrogen receptor-α reporter assay. Toxicol. Appl. Pharmacol. 2002, 180, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Routledge, E.J.; White, R.; Parker, M.G.; Sumpter, J.P. Differential effects of xenoestrogens on coactivator recruitment by estrogen receptor (ER) α and ERβ. J. Biol. Chem. 2000, 275, 35986–35993. [Google Scholar] [CrossRef] [PubMed]

	



Chang, E.C.; Charn, T.H.; Park, S.-H.; Helferich, W.G.; Komm, B.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S. Estrogen receptors α and β as determinants of gene expression: Influence of ligand, dose, and chromatin binding. Mol. Endocrinol. 2008, 22, 1032–1043. [Google Scholar] [CrossRef] [PubMed]

	



Tong, S.K.; Mouriec, K.; Kuo, M.W.; Pellegrini, E.; Gueguen, M.M.; Brion, F.; Kah, O.; Chung, B.C. A cyp19a1b-GFP (aromatase B) transgenic zebrafish line that expresses GFP in radial glial cells. Genesis 2009, 47, 67–73. [Google Scholar] [CrossRef] [PubMed]

	



Menuet, A.; Pellegrini, E.; Anglade, I.; Blaise, O.; Laudet, V.; Kah, O.; Pakdel, F. Molecular characterization of three estrogen receptor forms in zebrafish: Binding characteristics, transactivation properties, and tissue distributions. Biol. Reprod. 2002, 66, 1881–1892. [Google Scholar] [CrossRef] [PubMed]

	



Menuet, A.; Pellegrini, E.; Brion, F.; Gueguen, M.M.; Anglade, I.; Pakdel, F.; Kah, O. Expression and estrogen-dependent regulation of the zebrafish brain aromatase gene. J. Comp. Neurol. 2005, 485, 304–320. [Google Scholar] [CrossRef] [PubMed]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2014. [Google Scholar]

	



Ritz, C.; Streibig, J.C. Bioassays analysis using R. J. Stat. Softw. 2005, 12, 1–22. [Google Scholar] [CrossRef]

	



Berenbaum, M.C. The expected effect of a combination of agents: The general solution. J. Theor. Biol. 1985, 114, 413–431. [Google Scholar] [CrossRef]

	



Gennings, C.; Carter, W.H., Jr.; Carchman, R.A.; Teuschler, L.K.; Simmons, J.E.; Carney, E.W. A unifying concept for assessing toxicological interactions: Changes in slope. Toxicol. Sci. 2005, 88, 287–297. [Google Scholar] [CrossRef] [PubMed]

	



Backhaus, T.; Arrhenius, A.; Blanck, H. Toxicity of a mixture of dissimilarly acting substances to natural algal communities: Predictive power and limitations of independent action and concentration addition. Environ. Sci. Technol. 2004, 38, 6363–6370. [Google Scholar] [CrossRef] [PubMed]

	



Webster, T.F. Mixtures of endocrine disruptors: How similar must mechanisms be for concentration addition to apply? Toxicology 2013, 313, 129–133. [Google Scholar] [CrossRef] [PubMed]

	



Faust, M.; Altenburger, R.; Backhaus, T.; Blanck, H.; Boedeker, W.; Gramatica, P.; Hamer, V.; Scholze, M.; Vighi, M.; Grimme, L.H. Predicting the joint algal toxicity of multi-component s-triazine mixtures at low-effect concentrations of individual toxicants. Aquat. Toxicol. 2001, 56, 13–32. [Google Scholar] [CrossRef]

	



Goldoni, M.; Johansson, C. A mathematical approach to study combined effects of toxicants in vitro: Evaluation of the bliss independence criterion and the loewe additivity model. Toxicol. In Vitro 2007, 21, 759–769. [Google Scholar] [CrossRef] [PubMed]

	



Thienpont, B.; Barata, C.; Raldùa, D. Modeling mixtures of thyroid gland function disruptors in a vertebrate alternative model, the zebrafish eleutheroembryo. Toxicol. Appl. Pharmacol. 2013, 269, 169–175. [Google Scholar] [CrossRef] [PubMed]

	



Greco, W.R.; Bravo, G.; Parsons, J.C. The search for synergy—A critical-review from a response-surface perspective. Pharmacol. Rev. 1995, 47, 331–385. [Google Scholar] [PubMed]

	



Gessner, P.K. Isobolographic analysis of interactions: An update on applications and utility. Toxicology 1995, 105, 161–179. [Google Scholar] [CrossRef]

	



Kortenkamp, A.; Altenburger, R. Synergisms with mixtures of xenoestrogens: A reevaluation using the method of isoboles. Sci. Total Environ. 1998, 221, 59–73. [Google Scholar] [CrossRef]

	



Chou, T.C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res. 2010, 70, 440–446. [Google Scholar] [CrossRef] [PubMed]

	



Chou, T.C.; Talalay, P. Quantitative-analysis of dose-effect relationships—The combined effects of multiple-drugs or enzyme-inhibitors. Adv. Enzym. Regul. 1984, 22, 27–55. [Google Scholar] [CrossRef]

	



Gennings, C.; Carter, W.H. Utilizing concentration-response data from individual components to detect statistically significant departures from additivity in chemical mixtures. Biometrics 1995, 51, 1264–1277. [Google Scholar] [CrossRef]

	



Boik, J.C.; Newman, R.A.; Boik, R.J. Quantifying synergism/antagonism using nonlinear mixed-effects modeling: A simulation study. Stat. Med. 2008, 27, 1040–1061. [Google Scholar] [CrossRef] [PubMed]

	



Sørensen, H.; Cedergreen, N.; Skovgaard, I.; Streibig, J.C. An isobole-based statistical model and test for synergism/antagonism in binary mixture toxicity experiments. Environ. Ecol. Stat. 2007, 14, 383–397. [Google Scholar] [CrossRef]

	



Varadhan, R.; Borchers, H.W.; ABB Corporate Research. Dfoptim: Derivative-Free Optimization; Ravi Hopkins University: Baltimore, MD, USA, 2011. [Google Scholar]








[image: Ijms 19 01047 g001 550] 





Figure 1. Concentration-response curves of luciferase activity in U251-MG cells transfected with ERα or ERβ2 after exposure to estradiol (E2) and genistein (GEN) alone or in combinations (three different ratios of substances). These data originated from 2 (ERα) or 3 (ERβ2) independent experiments. All the data were modeled by the dose-level dependent interaction model (DL). Each point represents the mean of triplicated wells. E2 and GEN concentration-response curves are superimposed because the concentration is expressed in E2-equivalents which have been calculated with the EC50s from these curves. 
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Figure 2. Illustration of the EC50 for each ray of the estradiol (E2) + genistein mixtures (EC50s isobologram). The points represent the EC50 and the bars represent the 95% confidence interval. These data originated from the in vitro assays with U251-MG cells transfected with the promoter of the zebrafish cyp19a1b gene coupled to the luciferase reporter gene and the zebrafish ERs (ERα or ERβ2). The isobole is the line formed when EC50s of each ray are joined. A straight isobole would indicate additivity. The deviation of the isobole to the right indicates an antagonism. 
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Figure 3. In vivo imaging of transgenic cyp19a1b-GFP zebrafish embryos (4-dpf old) exposed to solvent (DMSO), estradiol (E2) or genistein (GEN) for 96 h. Dorsal view of the brain showing GFP induction in the radial glial cells. For each chemical, the concentration used is indicated. Dotted lines delimit the eyes. 
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Figure 4. Concentration-response curves of GFP in cyp19a1b-GFP transgenic zebrafish after exposure to estradiol (E2) and genistein (GEN) alone or in combinations (3 different mixture ratios). These data originated from two independent experiments (Exp. 1 and Exp. 2). All the data were modeled by the simple interaction (SA) model. In the first five graphics, each point represents one measure of GFP in one transgenic fish brain (n = 8–19 fish per condition). In the last two graphics (bottom) which gather all the concentration-response curves, the points represent the means of the GFP experimentally measured for each experiment. 
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Figure 5. Illustration of the EC50 for each ray of the estradiol (E2) + genistein mixtures. The points represent the EC50 and the bars represent the standard error. These data originated from two independent exposure experiments with the cyp19a1b-GFP transgenic zebrafish line (described in Figure 4). The isobole is the line formed when EC50s of each ray are joined. A straight isobole would indicate additivity. The deviation of the isobole to the right indicates an antagonism. 
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Table 1. Experimental ray design for the assessment of the effects of estradiol (E2) and genistein (GEN) alone and in mixtures on the expression of GFP in the brain of cyp19a1b-GFP transgenic zebrafish line.
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	Condition
	[E2] (M)
	[GEN] (M)
	Ray





	1
	0
	0
	-



	2
	5.00 × 10−9
	0
	1:0



	3
	1.25 × 10−9
	0
	1:0



	4
	3.12 × 10−10
	0
	1:0



	5
	7.81 × 10−11
	0
	1:0



	6
	1.95 × 10−11
	0
	1:0



	7
	3.75 × 10−9
	6.25 × 10−6
	3:1



	8
	9.37 × 10−10
	1.56 × 10−6
	3:1



	9
	2.34 × 10−10
	3.91 × 10−7
	3:1



	10
	5.86 × 10−11
	9.77 × 10−8
	3:1



	11
	1.46 × 10−11
	2.44 × 10−8
	3:1



	12
	1.25 × 10−9
	6.25 × 10−6
	1:1



	13
	6.25 × 10−10
	3.12 × 10−6
	1:1



	14
	1.56 × 10−10
	7.81 × 10−7
	1:1



	15
	3.91 × 10−11
	1.95 × 10−7
	1:1



	16
	9.77 × 10−12
	4.88 × 10−8
	1:1



	17
	3.12 × 10−10
	4.69 × 10−6
	1:3



	18
	1.56 × 10−10
	2.34 × 10−6
	1:3



	19
	7.81 × 10−11
	1.17 × 10−6
	1:3



	20
	1.95 × 10−11
	2.93 × 10−7
	1:3



	21
	4.88 × 10−12
	7.32 × 10−8
	1:3



	22
	0
	6.25 × 10−6
	0:1



	23
	0
	3.12 × 10−6
	0:1



	24
	0
	1.56 × 10−6
	0:1



	25
	0
	3.91 × 10−7
	0:1



	26
	0
	9.77 × 10−8
	0:1
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Table 2. Experimental ray design for the assessment of the effects of estradiol (E2) and genistein (GEN) alone and in mixtures on the luciferase activity in U251-MG cells transfected with zebrafish ERs.
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ERα

	
ERβ2

	




	
Condition

	
[E2] (M)

	
[GEN] (M)

	
[E2] (M)

	
[GEN] (M)

	
Ray






	
1

	
0

	
0

	
0

	
0

	
-




	
2

	
2.00 × 10−8

	
0

	
2.00 × 10−8

	
0

	
1:0




	
3

	
2.00 × 10−9

	
0

	
2.00 × 10−9

	
0

	
1:0




	
4

	
2.00 × 10−10

	
0

	
2.00 × 10−10

	
0

	
1:0




	
5

	
2.00 × 10−11

	
0

	
2.00 × 10−11

	
0

	
1:0




	
6

	
2.00 × 10−12

	
0

	
2.00 × 10−12

	
0

	
1:0




	
7

	
1.50 × 10−8

	
1.00 × 10−6

	
1.50 × 10−8

	
2.00 × 10−7

	
3:1




	
8

	
1.50 × 10−9

	
1.00 × 10−7

	
1.50 × 10−9

	
2.00 × 10−8

	
3:1




	
9

	
1.50 × 10−10

	
1.00 × 10−8

	
1.50 × 10−10

	
2.00 × 10−9

	
3:1




	
10

	
1.50 × 10−11

	
1.00 × 10−9

	
1.50 × 10−11

	
2.00 × 10−10

	
3:1




	
11

	
1.50 × 10−12

	
1.00 × 10−10

	
1.50 × 10−12

	
2.00 × 10−11

	
3:1




	
12

	
1.00 × 10−8

	
2.00 × 10−6

	
1.00 × 10−8

	
4.00 × 10−7

	
1:1




	
13

	
1.00 × 10−9

	
2.00 × 10−7

	
1.00 × 10−9

	
4.00 × 10−8

	
1:1




	
14

	
1.00 × 10−10

	
2.00 × 10−8

	
1.00 × 10−10

	
4.00 × 10−9

	
1:1




	
15

	
1.00 × 10−11

	
2.00 × 10−9

	
1.00 × 10−11

	
4.00 × 10−10

	
1:1




	
16

	
1.00 × 10−12

	
2.00 × 10−10

	
1.00 × 10−12

	
4.00 × 10−11

	
1:1




	
17

	
5.00 × 10−9

	
3.00 × 10−6

	
5.00 × 10−9

	
6.00 × 10−7

	
1:3




	
18

	
5.00 × 10−10

	
3.00 × 10−7

	
5.00 × 10−10

	
6.00 × 10−8

	
1:3




	
19

	
5.00 × 10−11

	
3.00 × 10−8

	
5.00 × 10−11

	
6.00 × 10−9

	
1:3




	
20

	
5.00 × 10−12

	
3.00 × 10−9

	
5.00 × 10−12

	
6.00 × 10−10

	
1:3




	
21

	
5.00 × 10−13

	
3.00 × 10−10

	
5.00 × 10−13

	
6.00 × 10−11

	
1:3




	
22

	
0

	
4.00 × 10−6

	
0

	
8.00 × 10−7

	
0:1




	
23

	
0

	
4.00 × 10−7

	
0

	
8.00 × 10−8

	
0:1




	
24

	
0

	
4.00 × 10−8

	
0

	
8.00 × 10−9

	
0:1




	
25

	
0

	
4.00 × 10−9

	
0

	
8.00 × 10−10

	
0:1




	
26

	
0

	
4.00 × 10−10

	
0

	
8.00 × 10−11

	
0:1
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