
 
 

 

 

 

 

 

 

 

 

ABSTRACT 

 

Employing Probabilistic Hazard Assessment to Compare Sensitivity of  

ToxCast Estrogen Agonist Assays 

 

David A. Dreier 

 

Director: Bryan W. Brooks, Ph.D. 

 

 

Environmental and human health implications of endocrine disrupting chemicals 

(EDCs), particularly xenoestrogens, have received extensive study. Multiple in vitro and 

in vivo techniques have been developed to assess estrogenicity. However, the relative 

sensitivity of these approaches and agreement of their conclusions remain inconclusive. 

As little to no toxicity data exist for a vast number of compounds, the U.S. Environmental 

Protection Agency (USEPA) created the ToxCast program to prioritize chemicals 

requiring additional toxicity information with high throughput screening assays. In 

addition, the Endocrine Disruptor Screening Program plans to use ToxCast data for 

identifying potential EDCs, and multiple assays pertain to endocrine disruption, 

particularly estrogenicity. Probabilistic Hazard Assessment (PHA) approaches, such as 

chemical toxicity distributions, can be used to measure the relative sensitivities of these 

assays by predicting the likelihood of chemical classes eliciting specific toxicities at or 

above environmentally relevant concentrations. The PHA in this study examined the 

comparative sensitivity of 19 assays for estrogen agonists representing a diverse group 

compounds from USEPA’s ToxCast dataset and noted considerations for assay selection. 

Overall, these assays had various levels of consistency, and reporter gene assays were 

among more sensitive designs. ToxCast estrogen agonist assays also had a low 

probability of detecting compounds below an E2 threshold for the MCF-7 human breast 

ademocarcinoma proliferation assay, which suggests the relative sensitivity of ToxCast 

estrogen agonist assays is lower than other in vitro models.  
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CHAPTER ONE 

 

Introduction 

 

 

Environmental and human health implications of endocrine disrupting 

compounds, particularly xenoestrogens, have received widespread attention. In response 

to early public concern, the U.S. Environmental Protection Agency (USEPA) began the 

Endocrine Disruptor Screening Program (EDSP) after amendments to the Safe Drinking 

Water Act and Federal Food, Drug, and Cosmetics Act in 1996 (SDWA, 1996; FFDCA, 

1996). The EDSP is organized in two tiers for effectual screening of compounds that 

could interfere with estrogen, androgen, or thyroid systems. Whereas the first tier of the 

EDSP aims to determine if compounds have the potential to interact with endocrine 

targets, the second tier of testing provides additional effects information if warranted by 

Tier One Screening (T1S) (USEPA, 1999). A weight-of-evidence evaluation is required 

for a compound to be selected for the second tier, because these additional assays are 

expensive, time consuming, and require more animal resources. This tiered screening 

approach is intended to allow USEPA to determine potential endocrine disruptors and 

adverse effects efficiently (USEPA, 2011). 

There remains, however, continuous dispute over assay selection for the EDSP, 

especially for T1S (Borgert et al., 2011). Currently, 11 in vitro and in vivo assays 

constitute T1S and vary markedly in design, ranging from receptor binding to short-term 

reproductive assays (USEPA, 1999). Although this provides useful information, 

uncertainty regarding sensitivity and specificity makes assay selection critical, 

particularly for screening-based approaches. Borgert et al. (2011) evaluated current T1S 
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methodologies and noted assay selection requires continuous evaluation. In addition, they 

suggested assays should be ordered based on specificity to maximize T1S effectiveness. 

As more specific assays reduce confounding from other effects, these assays can 

determine if a compound interferes with specific endocrine-related targets, plus describe 

the necessity and relevance of additional testing. For screening-based approaches such as 

the EDSP, assay selection is especially critical as each assay has various sensitivity and 

specificity. 

Assay selection and validation will also be critical to Tox21, a recent 

collaboration between the National Institutes of Health, Food and Drug Administration, 

and USEPA (USEPA, 2014a). Primary goals of the Tox21 program are to identify new 

mechanisms of chemical activity in cells, to prioritize untested chemicals, and to develop 

better predictive models of human response to toxicants (Schmidt, 2009). In contrast to 

traditional, in vivo toxicity testing, Tox21 employs in vitro methods to understand 

chemical attributes that initiate toxicity pathways. From this information, Tox21 aims to 

identify chemical safety hazards through prioritized screening while avoiding in vivo 

testing concerns such as cost, time, and animal use considerations (Krewski et al., 2010). 

Because a vast majority of environmental contaminants lack toxicity data, this approach 

can provide significant insight for chemical safety regulation (Judson et al., 2009). 

As a component of the Tox21 collaboration, ToxCast is a database developed and 

organized by USEPA that provides comprehensive high-throughput toxicity screening 

data (USEPA, 2014b). The most recent release of ToxCast data incorporated 

approximately 1,800 compounds across 800 various assays, including endocrine-related 

screens. Given current T1S limitations, USEPA aims to use high-throughput screening 
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assays from ToxCast to identify the most problematic chemicals requiring T1S in the 

EDSP (USEPA, 2012). Using the first phase of ToxCast data, Rotroff et al. (2013a) 

evaluated various endocrine-related assays, and suggested ToxCast assays could be 

useful for prioritizing compounds for T1S. With the inclusion of these endocrine 

disrupting assays in ToxCast, thousands of potential EDCs will be screened for these 

endpoints, which may be beneficial for determining and predicting chemical hazards. 

With the most recent data release, there are now multiple ToxCast assays that 

evaluate potential for endocrine disruption, particularly estrogenicity. In sum, there are 19 

estrogen agonist assays in ToxCast (USEPA, 2014b). Assays were selected for ToxCast 

to measure a diverse set of key signaling pathways and phenotypic endpoints (Kavlock et 

al., 2012), which may provide insight across an adverse outcome pathway (AOP) 

(Ankley et al., 2010). Briefly, interaction between a ligand and estrogen receptor serves 

as the molecular initiating event for estrogen agonists. The estrogen receptor then 

functions as a transcription factor for subsequent gene activation, protein production, and 

altered signaling, causing overall cellular responses (Ankley et al., 2010).  

When toxicity information for a chemical is not available, or when multiple 

model systems exist for a toxicity pathway, probabilistic hazard assessment (PHA) using 

chemical toxicity distribution (CTD) approaches may be useful. These CTDs are 

particularly useful for comparative toxicology (Solomon et al., 2000) because they 

facilitate robust comparisons of modes of action categories and chemical classes, when 

sufficient data are available. Further, CTDs can allow hazard and risk assessors to 

determine the probability of encountering a compound eliciting a specific toxicological 

effect for environmentally relevant concentrations. Previous studies have used CTDs and 
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PHA approaches to examine various chemical classes such as pharmaceuticals (Brain et 

al., 2006; Berninger and Brooks, 2010), antimicrobial agents (Dobbins et al., 2009), 

surfactants (Williams et al., 2011), and oil dispersants (Berninger et al., 2011). They have 

further been used to identify thresholds of toxicological (Kroes et al., 2000) and 

ecotoxicological concern (de Wolf et al., 2006) for industrial chemicals, and to examine 

common modes of action such as acetylcholinesterase inhibition (Williams et al., 2011).  

The Brooks lab group recently (Dobbins et al., 2008) utilized CTDs in a PHA 

framework to examine sensitivities of three common in vitro and three common in vivo 

fish model estrogen agonist assays. Though this initial study (Dobbins et al., 2008) 

proposed CTDs as an approach to identify sensitive assays for estrogen agonist, it was 

limited by a relatively low number of data points acquired from the literature, and these 

observations were inherently influenced by interlaboratory variability and subtle 

differences in quality assurance and experimental design.  Recent ToxCast data 

availability for multiple estrogenicity assays now facilitate a more robust examination of 

findings from our initial study (Dobbins et al., 2008). Thus, the primary objective of this 

study was to employ CTDs and a PHA approach to identify differences in sensitivity 

among in vitro estrogen agonist assays from the ToxCast database.  
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CHAPTER TWO 

 

Materials and Methods 

 

 

ToxCast Data Review and Extraction 

 

A comprehensive review of the ToxCast database 

(http://www.epa.gov/ncct/toxcast/data.html) was performed, and 19 estrogen agonist 

assays (Table 1) were selected for study. Of these assays, three biochemical receptor 

binding assays were provided by Novascreen and included nuclear receptors from Bos 

taurus, Mus musculus, and Homo sapiens. Interestingly, these were the only non-cellular 

assays among estrogen agonist assays in ToxCast (Knudsen et al., 2011). Among 

multiple reporter gene assay providers, Attagene provided 4 assays that measured cis- 

and trans-regulated transcription factor activity using a multiplexed assessment (Martin et 

al., 2010). The National Chemical Genomics Center (NCGC) assays are from the Tox21 

program and also used a reporter gene design with HEK293H and BG-1 cells (Huang et 

al., 2011). Odyssey Thera provided 3 reporter gene assays with HeLa cells and 6 protein 

complementation assays for ESR1 and ESR2 targets (MacDonald et al., 2006). Finally, 

The ACEA assay used real-time growth kinetics to measure cell proliferation in T-47 

human breast cancer cells, which are responsive to estrogen agonists (Rotroff et al., 

2013b). As evident from these descriptions, estrogen agonist assays from ToxCast varied 

in their design and specificity to measure endpoints along the toxicity pathway in an AOP 

construct. 

  

http://www.epa.gov/ncct/toxcast/data.html
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Assay Name Assay Endpoint Target Target Source 

ACEA T47D 80hr Positive Cell proliferation ESR1 Homo sapiens T47D 

Attagene ERa TRANS Reporter gene ESR1 Homo sapiens HepG2 

Attagene ERa TRANS perc Reporter gene ESR1 Homo sapiens HepG2 

Attagene ERE CIS Reporter gene ESR1 Homo sapiens HepG2 

Attagene ERE CIS perc Reporter gene ESR1 Homo sapiens HepG2 

NCGC Tox21 ERa BLA Agonist ratio Reporter gene ESR1 Homo sapiens HEK293H 

NCGC Tox21 ERa LUC BG1 Agonist Reporter gene ESR1 Homo sapiens BG-1 

Novascreen NR bER Receptor binding  ESR1 Bos taurus Uterus membrane cell 

Novascreen NR hER Receptor binding  ESR1 Homo sapiens Breast cancer cell 

Novascreen NR mERa Receptor binding  ESR1 Mus musculus Cell 

Odyssey Thera ER ERaERa 48/1440hr Protein complementation ESR1 Homo sapiens HEK293T 

Odyssey Thera ER ERbERb 48/1440hr Protein complementation  ESR2 Homo sapiens HEK293T 

Odyssey Thera ER ERaERb 48/1440hr Protein complementation ESR1, ESR2 Homo sapiens HEK293T 

Odyssey Thera ERa EREGFP 12/48hr Reporter gene  ESR1 Homo sapiens HeLa 

Odyssey Thera ERa ERELUC AG 1440hr Reporter gene  ESR1 Homo sapiens HeLa 

ESR1 and ESR2 refer to estrogen receptor 1 (alpha) and 2 (beta), respectively 

 

Table 1: Selected ToxCast estrogen agonist assays and descriptions 

 

 

Phase I, II, and E1K datasets were downloaded directly from USEPA’s website 

(accessed 13.01.14). Activity concentration 50 (AC50) values, the concentration that 

elicits 50 percent of a maximum response, were converted from µM to µg/L units, as 

recommended for a CTD model. All AC50 values were calculated by USEPA to 

determine concentration-response results using a four parameter Hill function. Outliers 

had been previously removed using a detection routine described by Motulsky and Brown 

(2006), which ensures these values were below cytotoxic thresholds. With the exception 

of Novascreen, all assays had one or more technical replicates and run in concentration-

response mode. The Novascreen assays were only run in concentration-response mode if 

an initial test with a single concentration demonstrated a relevant response at either 10 or 

25 ug/L, depending on the assay.  
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Chemical Toxicity Distribution Construction 

Compounds were selected for CTD construction (Brain et al., 2006) for two 

comparative studies. The first exercise utilized all compounds to construct a CTD for 

each assay. In the second study, common compounds were selected among assays, as to 

preserve the comparative integrity for sensitivity analysis. Briefly, AC50 values for each 

assay were placed in increasing order to establish a numerical rank for each compound. A 

percent rank (j) was then calculated using the Weibull formula: 

)1(

)100(






n

i
j  

where i is the numerical rank and n is the number of compounds. AC50 concentration data 

were transformed to a common log scale on the x-axis and plotted against their calculated 

percent rank on a probability scale for the y-axis using SigmaPlot (12.5; Chicago, IL, 

USA). A line of best fit was then produced for each distribution using a linear regression 

model. 

As introduced above, CTDs can be interpreted two ways. First, a concentration of 

interest can be selected, and the percentage of compounds that are likely to have a 

specific biological effect at or below that concentration estimated. Alternatively, with 

selection of a specific probability centile, one can identify a corresponding concentration. 

These hazard concentration (HC) values for the 1st, 5th, 10th, and 95th centiles were 

calculated using Microsoft Excel (2013; Redmond, WA, USA) using the following 

formula, as initially presented by Solomon et al. (2000): 

Probability below x = NORMSDIST{[mtox•log10(x)] + btox} 

In this equation, x refers to a selected threshold value, mtox to the slope of regression 

line, and btox to the intercept of the regression line from the CTD. For each assay, the 
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concentration constituting a particular centile as described by the CTD can then be used 

to determine the sensitivity of each estrogen agonist assay. The 5th centile was selected 

as the probability value for comparison to be consistent with our previous efforts 

(Dobbins et al., 2008). This signifies the concentration at or below which there is a 5% 

probability a compound will elicit an estrogenic response in a specific in vitro assay. 

The percent below 0.0015 µg/L was also determined for each assay, which represents a 

response for 17β-estradiol in the MCF-7 human breast ademocarcinoma proliferation 

assay, another common in vitro estrogen agonist model. A geometric mean was used to 

calculate this threshold using EC50 values from Breinholt et al. (1998), Folmar et al. 

(2002), Olsen et al. (2005), Schlumpf et al. (2001; 2004), and Wiese et al. (1997). 

Probability values less than 10-6 were reported as 0.000%. 
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CHAPTER THREE 

 

Results and Discussion 

 

 

Results for All Compounds Evaluated by ToxCast Estrogen Agonist Assays 

 

When CTDs employed all compounds (Table 2), distributions were robust due to 

a high number of compounds (n) for each assay. The Attagene ERa TRANS assay 

distribution incorporated the most compounds with 437 distinct values, while the 

Novascreen NR bER distribution had 66 compounds. Among all compounds, HC5 values 

ranged from 0.534 to 173 ug/L at the 5th centile for Novascreen EN bER and Attagene 

ERa TRANS, respectively (Figure 1). The difference between these values was nearly 

three orders of magnitude.  
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     Concentration (µg/L) for each centile: Probability 

below 
threshold Assay n r2 a b 1% 5% 10% 95% 

ACEA T47D 80hr Positive 240 0.914 0.765 -2.000 0.375 2.92 8.71 58500 0.0016% 

Attagene ERa TRANS 437 0.859 1.238 -4.417 48.8 173 341 78900 0.000% 

Attagene ERa TRANS perc 437 0.884 1.230 -4.199 33.3 119 235 56200 0.000% 

Attagene ERE CIS 282 0.858 1.097 -3.789 21.5 90.0 193 89500 0.000% 

Attagene ERE CIS perc 282 0.879 1.107 -3.668 16.3 67.4 144 63300 0.000% 

NCGC Tox21 ERa BLA Agonist ratio 227 0.724 0.710 -2.400 1.27 11.6 37.6 498000 0.00053% 

NCGC Tox21 ERa LUC BG1 Agonist 277 0.740 0.762 -2.410 1.29 10.1 30.2 208000 0.00025% 

Novascreen NR bER 66 0.938 0.655 -1.466 0.0488 0.534 1.91 55900 0.045% 

Novascreen NR hER 125 0.907 0.705 -1.733 0.144 1.33 4.37 61700 0.0098% 

Novascreen NR mERa 105 0.926 0.848 -2.272 0.863 5.49 14.7 41500 0.00015% 

Odyssey Thera ER ERaERa 48hr 130 0.822 1.116 -3.841 22.8 92.9 197 82400 0.000% 

Odyssey Thera ER ERaERa 1440hr 107 0.884 1.165 -3.821 19.2 73.9 151 49300 0.000% 

Odyssey Thera ER ERbERb 48hr 191 0.809 1.063 -3.572 14.9 65.0 143 80800 0.000% 

Odyssey Thera ER ERbERb 1440hr 169 0.861 1.105 -3.535 12.4 51.4 110 48800 0.000% 

Odyssey Thera ER ERaERb 48hr 217 0.797 1.135 -3.946 26.7 106 222 84100 0.000% 

Odyssey Thera ER ERaERb 1440hr 179 0.835 1.283 -4.365 38.8 132 253 48400 0.000% 

Odyssey Thera ERa EREGFP 12hr 185 0.840 0.843 -2.719 2.92 18.8 50.6 150000 0.000017% 

Odyssey Thera ERa EREGFP 48hr 152 0.826 0.800 -2.528 1.79 12.7 36.1 163000 0.000084% 

Odyssey Thera ERa ERELUC AG 1440hr 127 0.766 0.909 -2.761 3.01 16.9 42.5 70700 0.0000050% 

n = number of compounds; r2 = correlation coefficient; a = slope of regression line; b = y-intercept of regression line 

 

Table 2: Equations for chemical toxicity distribution regressions and corresponding 

hazard concentrations at selected centiles for all compounds evaluated by 19 ToxCast 

estrogen agonist assays 
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Figure 1: Chemical toxicity distributions for all available chemicals examined by 

Novascreen NR bER and Attagene ERa TRANS estrogen agonist assays in ToxCast 

 

 

CTD results for the HC5 varied for each assay with differences regarding the type, 

length, and target of each assay. When considering assay type, the Novascreen 

biochemical receptor binding assays constituted the 1st, 2nd, and 4th lowest 

concentrations values at the 5th centile, followed by the NCGC Tox21 reporter gene 

assays. The ACEA T47D cell proliferation assay had the 3rd lowest concentration. For 

assays with multiple durations, longer assays provided lower HC5 values with the 

exception of the Odyssey Thera ER ERaERb assay. This assay was also the only one to 

employ multiple targets, including both ESR1 and ESR2; its HC5 values were the 2nd 

and 4th highest among all assays. Among a common Odyssey Thera design for a single 

target, ESR2 assays had lower HC5 values than ESR1 assays. Finally, for all compounds, 
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ToxCast estrogen agonist assays had a low probability of detecting compounds below the 

0.0015 μg/L threshold, indicating lower sensitivity than the MCF-7 breast 

adenocarcinoma proliferation assay. 

 

Results for Common Compounds Evaluated by ToxCast Estrogen Agonist Assays 

 

Whereas the first study compared PHA results for all compounds, the second 

exercise compared assay sensitivities when CTDs contained a common group of 

compounds. Among the 19 ToxCast assays for estrogenicity, there were 17 common 

compounds, which were primarily pharmaceuticals and plasticizers (Table 3). 

 
Compound CASRN Formula Molecular Weight (g/mol) Use LogP 

17α-Estradiol 57-91-0 C18H24O2 272.382 Pharmaceutical 3.94 

17α-Ethinylestradiol 57-63-6 C20H24O2 296.403 Pharmaceutical 3.67 

17β-Estradiol 50-28-2 C18H24O2 272.382 Pharmaceutical 4.01 

2,2',4,4'-Tetrahydroxybenzophenone 131-55-5 C13H10O5 246.216 UV-absorber 2.40 

2,4-Dihydroxybenzophenone 131-56-6 C13H10O3 214.217 UV-absorber 2.96 

4-(1,1,3,3-Tetramethylbutyl)phenol 140-66-9 C14H22O 206.324 Chemical intermediate 5.28 

4-Cumylphenol 599-64-4 C15H16O 212.287 Chemical intermediate 3.70 

4-Nonylphenol, branched 84852-15-3 C15H24O 220.351 Industrial precursor 5.92 

Bisphenol A 80-05-7 C15H16O2 228.286 Plasticizer 3.32 

Bisphenol AF 1478-61-1 C15H10F6O2 336.229 Plasticizer 4.50 

Bisphenol B 77-40-7 C16H18O2 242.313 Plasticizer 4.13 

Daidzein 486-66-8 C15H10O4 254.238 Flavone 2.55 

Diethylstilbestrol 56-53-1 C18H20O2 268.350 Pharmaceutical 5.07 

Estrone 53-16-7 C18H22O2 270.366 Pharmaceutical 3.13 

Genistein 446-72-0 C15H10O5 270.237 Natural product 2.84 

Meso-Hexestrol 84-16-2 C18H22O2 270.366 Pharmaceutical 5.60 

Norethindrone 68-22-4 C10H26O2 298.419 Pharmaceutical 2.97 

 

Table 3: Chemical characteristics for substances commonly examined by  

19 ToxCast estrogen agonist assays 

 

 

Though sample size is reduced by this selection, it allowed for a more robust 

comparison of assay sensitivity given the common group of compounds. In fact, among 

the 17 common compounds, all are known estrogen agonists and thus share a common 
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mode of action, allowing direct assay sensitivity analysis. From CTDs developed for this 

analysis, HC5 values ranged from 0.00505 to 4.4 µg/L (Table 4). Whereas the NCGC 

Tox21 ERa BLA Agonist ratio assay elicited a response at the lowest HC5, the Odyssey 

Thera ER ERaERa 1440hr assay had the highest HC5 value (Figure 2). 

 
     Concentration (ug/L) for each centile: Probability 

below 

threshold Assay n r2 a b 1% 5% 10% 95% 

ACEA T47D 80hr Positive 17 0.899 0.841 -1.004 0.0268 0.173 0.468 1410 3.6% 

Attagene ERa TRANS 17 0.971 1.007 -1.841 0.329 1.56 3.59 2900 0.00014% 

Attagene ERa TRANS perc 17 0.953 1.194 -1.892 0.433 1.61 3.25 917 0.0000071% 

Attagene ERE CIS 17 0.941 0.985 -1.599 0.183 0.898 2.10 1970 0.00059% 

Attagene ERE CIS perc 17 0.980 1.154 -1.742 0.311 1.21 2.50 859 0.000029% 

NCGC Tox21 ERa BLA Agonist ratio 17 0.875 0.437 -0.642 0.000139 0.00505 0.0343 173000 3.0% 

NCGC Tox21 ERa LUC BG1 Agonist 17 0.918 0.559 -0.591 0.000788 0.0130 0.0582 9950 1.5% 

Novascreen NR bER 17 0.907 0.526 -0.721 0.000888 0.0175 0.0860 31500 1.4% 

Novascreen NR hER 17 0.912 0.611 -0.610 0.00155 0.0202 0.0795 4910 0.10% 

Novascreen NR mERa 17 0.967 0.804 -1.049 0.0258 0.182 0.514 2250 0.045% 

Odyssey Thera ER ERaERa 48hr 17 0.910 0.825 -2.030 0.437 2.93 8.07 28400 0.00065% 

Odyssey Thera ER ERaERa 1440hr 17 0.901 0.913 -2.232 0.788 4.40 11.0 17700 0.000076% 

Odyssey Thera ER ERbERb 48hr 17 0.968 0.936 -1.690 0.209 1.12 2.73 3640 0.00073% 

Odyssey Thera ER ERbERb 1440hr 17 0.969 0.886 -1.607 0.154 0.907 2.33 4680 0.0020% 

Odyssey Thera ER ERaERb 48hr 17 0.926 0.903 -1.857 0.302 1.72 4.33 7530 0.00052% 

Odyssey Thera ER ERaERb 1440hr 17 0.915 0.916 -2.111 0.583 3.23 8.05 12600 0.00013% 

Odyssey Thera ERa EREGFP 12hr 17 0.907 0.602 -0.830 0.00327 0.0443 0.178 12900 0.57% 

Odyssey Thera ERa EREGFP 48hr 17 0.908 0.598 -0.868 0.00364 0.0502 0.204 16000 0.53% 

Odyssey Thera ERa ERELUC AG 1440hr 17 0.879 0.477 -0.879 0.000927 0.0248 0.143 194000 1.3% 

n = number of compounds; r2 = correlation coefficient; a = slope of regression line; b = y-intercept of regression line 

 

Table 4: Equations for chemical toxicity distribution regressions and corresponding 

hazard concentrations at selected centiles for 17 common compounds evaluated by 19 

ToxCast estrogen agonist assays 
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Figure 2: Chemical toxicity distributions for 17 common chemicals examined by NCGC 

Tox21 Era BLA Agonist ratio and Odyssey Thera ER ERaERa (1440hr) estrogen agonist 

assays in ToxCast 

 

 

Here again, CTD HC5 results varied with assay design. The NCGC Tox21 

reporter gene assays elicited responses at the lowest concentrations, followed by two 

Novascreen NR biochemical assays from bovine and human sources. The third 

Novascreen NR assay had the 9th lowest concentration at the 5th centile, as the Odyssey 

Thera reporter gene and ACEA cell proliferation assays elicited a response at lower 

concentrations. Unlike CTD results for all compounds, assays with longer exposure 

durations with common compounds required higher concentrations to produce an effect, 

with the exception of Odyssey Thera ER ERbERb assays. Consistent with earlier 

observations, this assay for the ESR2 target had a lower hazard concentration at the 5th 
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centile relative to the similar ESR1 assay. Overall, The NCGC Tox21 ERa BLA Agonist 

ratio assay was most sensitive, followed by the NCGC Tox21 ERa LUC BG1 Agonist 

assay from the same provider. Both assays employ a reporter gene design; however, 

different reporters and cell types were used. Additional reporter gene assays were 

relatively sensitive and included the Odyssey Thera ERa ERE LUC AG 1440hr, Odyssey 

Thera ERa EREGFP 12hr, and Odyssey Thera ERa EREGFP 48hr assays, which were 

ranked as the 5th, 6th, and 7th most sensitive, respectively. It should also be noted that 

Novascreen biochemical reporter binding assays were noticeably sensitive, particularly 

those using human and bovine nuclear receptors. Because reporter gene assays 

constituted 5 of the 7 most sensitive assays, this design may be advantageous for 

identifying estrogenic compounds, particularly at low concentrations. 

With the evaluation of common compounds, select assays were more sensitive for 

particular endpoints among an estrogenic toxicity pathway. Once again, the Novascreen 

NR bER assay was most sensitive for receptor binding. Interestingly the Attagene ERE 

CIS assay was more sensitive without perc, a coactivator of the estrogen receptor, and 

was more sensitive among reporter gene assays evaluating specific trans- and cis-

transcription factors. As the most sensitive assay overall, the NCGC Tox21 ERa BLA 

Agonist ratio was also most sensitive for common reporter gene assays. Similar to the 

first comparative study, the Odyssey Thera ER ERbERb 1440hr and ACEA T47D 80hr 

Positive assays were most sensitive in measuring protein complementation and cell 

proliferation, respectively. 
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Discussion 

 

Environmental and human health effects of estrogen agonists have received 

considerable study over the past two decades. However, identifying attributes of 

molecules that target receptors and enzymes responsible for normal endocrine system 

function remain an important research need (Hotchkiss et al., 2008). Estrogenic activity 

can be measured in a variety of in vitro and in vivo assays that examine a variety of 

endpoints and with varying sensitivities (Dobbins et al., 2008). These considerations 

make assay selection critical, particularly for screening-based approaches such as 

ToxCast and the EDSP. Because high throughput screening results from ToxCast provide 

unprecedented information regarding relative assay sensitivity and specificity, this study 

identified a gradient of sensitivities exhibited by various in vitro estrogen agonist assays. 

Previous studies comparing estrogen agonist assays were severely limited.  

Initial concern surrounding endocrine disruption prompted assay development and 

validation, even before the EDSP. Though the mouse uterotrophic assay represented the 

gold standard of estrogen screens, additional assays such as the yeast estrogen screen 

(YES) and MCF-7 breast cancer cell assays were developed to provide an effectual in 

vitro assessment of estrogen agonists. Coldham et al. (1997) was among the first to 

evaluate these assays; however, they compared sensitivity using percent responses for 

only one compound, 17β-estradiol. Additional compounds were used to compare these 

and other estrogen agonist assays, such as vitellogenin (VTG) induction, in Andersen et 

al. (1999), Folmar et al. (2002), and Van den Belt et al. (2004) using percent response, 

EC50, and EC10/EC50 values, respectively. Results from these assessments varied 

markedly and were inconclusive overall, as they only compared single point values for a 
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relatively small number of compounds. This is problematic because estrogenicity 

between assays can vary considerably with a selected compound. Such variability can 

have a significant impact on results, especially for assessments comparing single point 

values as each assay is more sensitive for a particular compound. By evaluating only a 

few compounds, previous assay comparisons have been limited in their approach. 

Probabilistic approaches, such as CTDs, provide a robust model for assay 

comparison, and these methods avoid many limitations of previous assessment protocols. 

Rather than restricting comparisons to a single compound, CTDs incorporate effects 

information for multiple compounds, which creates a strong distribution to compare 

assays. In addition, the inclusion of multiple compounds in CTDs reduces uncertainty and 

variability commonly encountered with single point values; however, it is still important 

to consider the compounds selected for comparative analysis. Similar to the selection of 

more sensitive species in a species sensitivity distribution, the inclusion of highly 

estrogenic compounds in a CTD may skew results from relevant environment exposures 

(Solomon et al., 2000). Ideally, when comparing assays, CTDs will employ common 

compounds to mitigate this uncertainty (Dobbins et al., 2008). Given these 

considerations, probabilistic approaches are advantageous for comparative sensitivity 

analysis as they reduce uncertainty from comparing single point values. 

CTDs are also useful for additional PHA applications, particularly when 

distributions are representative of a comprehensive set of compounds found in the 

environment. For example, among a robust data set, this approach can determine the 

probability of finding a compound at or below a particular exposure threshold, or the 

concentration constituting a probability of interest. Given insufficient exposure 
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information, this may be useful for determining a threshold of toxicological concern for 

estrogen agonists by employing a probabilistic approach commonly used in 

environmental risk assessment (Kroes et al., 2006; Brain et al., 2006). Especially when 

toxicity information is limited, a CTD probabilistic approach can also assess the relative 

hazards of compounds in a common chemical class (Dobbins et al., 2008). Thus, CTDs 

provide a model for numerous PHA applications. 

Given the benefits of probabilistic approaches and shortcomings of previous 

comparative assessments, Dobbins et al. (2008) employed CTDs to compare estrogen 

agonist assays. Data for three common in vitro and in vivo assays were collected and 

evaluated using CTDs, determining the MCF-7 and rainbow trout VTG assays were most 

sensitive for the 0.1 μg/L threshold, respectively. However, the distributions were limited 

by data availability, particularly for in vivo studies. With these restrictions, their 

assessment determined in vitro methods were less sensitive for estrogen agonists; 

however, there is considerable possibility compound selection influenced this outcome. 

From this, the authors suggested distributions should employ common compounds from 

robust datasets, as this would reduce uncertainty from compound selection. Even with 

data limitations, Dobbins et al. (2008) demonstrated CTDs were an applicable model for 

comparing assays. 

With the recent availability of toxicity data from ToxCast, there is abundant 

information for estrogen agonists across multiple assay designs, which lends itself for 

comparative studies. In total, 19 estrogen agonist assays evaluated over 1,800 

compounds. While various providers developed and ran these assays, USEPA reviewed 

and processed data according to common procedures, offering comparable results. These 
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features of ToxCast provided an ideal opportunity to develop probabilistic models for 

comparing assays, which consider various endpoints along a toxicity pathway. Among 

these endpoints, assays evaluated receptor binding (Novascreen), transcription factor 

activity (Attagene), gene expression (NCGC Tox21 and Odyssey Thera), and cell 

proliferation (ACEA). To compare these assays, common compounds were selected for 

study, and the NCGC Tox21 ERa BLA Agonist ratio assay was the most sensitive at the 

5th centile. However, although this assay was most sensitive overall, additional assays 

represent other components of the estrogen agonist pathway. Given the purpose of an 

assay’s selection, this specificity should be considered alongside sensitivity as each assay 

informs on various toxicological endpoints. 

Relative to other estrogen agonist models, there were apparent differences in 

sensitivity for ToxCast assays. In particular, these assays had a low probability of 

detecting compounds below an E2 threshold of 0.0015 μg/L for the MCF-7 human breast 

ademocarcinoma proliferation assay. Probabilities were lower when CTDs employed all 

compounds, which represented a larger universe of compounds. These results indicate the 

relative sensitivity of ToxCast estrogen agonist assays is lower than other in vitro models, 

especially as Dobbins et al. (2008) noted MCF-7 was more sensitive than YES and 

hepatocyte VTG induction assays. While ToxCast assays are designed for screening-

based approaches, their sensitivity is limited relative to other estrogen agonist models. 

While the concept of sensitivity evaluates assay performance in this study, there 

are additional ways to compare assays, such as hit counts. USEPA defines a hit in 

ToxCast as a chemical-assay pair achieving an AC50 below cytotoxic thresholds for each 
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assay (Kavlock et al., 2012). Hits can also be compared to the total number of test 

compounds to provide an activate percentage (Table 5). 

 
Assay Chemicals Tested Hit Count Percent Active 

ACEA T47D 80hr Positive 1815 240 13% 

Attagene ERa TRANS 1857 442 24% 

Attagene ERa TRANS perc 1857 442 24% 

Attagene ERE CIS 1857 283 15% 

Attagene ERE CIS perc 1857 283 15% 

NCGC Tox21 ERa BLA Agonist ratio 1858 227 12% 

NCGC Tox21 ERa LUC BG1 Agonist 1858 278 15% 

Novascreen NR bER 1858 66 4% 

Novascreen NR hER 1858 126 7% 

Novascreen NR mERa 1858 105 6% 

Odyssey Thera ER ERaERa 1440hr 1847 109 6% 

Odyssey Thera ER ERaERa 48hr 1851 131 7% 

Odyssey Thera ER ERbERb 1440hr 1846 170 9% 

Odyssey Thera ER ERbERb 48hr 1851 192 10% 

Odyssey Thera ER ERaERb 1440hr 1846 181 10% 

Odyssey Thera ER ERaERb 48hr 1853 218 12% 

Odyssey Thera ERa EREGFP 12hr 1856 185 10% 

Odyssey Thera ERa EREGFP 48hr 1854 152 8% 

Odyssey Thera ERa ERELUC AG 1440hr 1856 127 7% 

 

Table 5: Hit counts and percent activity summary for ToxCast compiled from USEPA 

Interactive Chemical Safety for Sustainability Dashboard (USEPA, 2014c) 

 

 

In short, this evaluation describes an assay’s ability to detect compounds eliciting 

estrogenic responses independent of dose. However, hit counts are subject to testing 

parameters, such as cytotoxic thresholds, which impact the active percentage. For 

example, in Phase I of Toxcast, Attagene assays had an AC50 maximum of 200 µM, 

while Novascreen assays were limited to 49 µM (Kavlock et al., 2012). These thresholds 

may impact an assay’s ability to detect an estrogenic response, as testing may not include 

higher levels of dosing. At the same time, more sensitive assays have the ability to detect 

compounds at lower concentrations, which also identifies compounds of interest. In an 
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interest to reduce false negatives, particularly for screening-based approaches, this 

continuum should be considered during assay selection. 

While this study evaluated ToxCast assays for their relative sensitivities, there are 

additional considerations for assay selection, such as consistency. The ranking of the 

most estrogenic compounds in ToxCast varied markedly for each assay, which indicates 

there are differences in consistency. An evaluation of this consistency was required, and 

calculated by adding the estrogenicity ranks of each compound for all assays, thus 

determining a consensus of the most estrogenic compounds (Table 6). Included in this 

analysis was the relative binding affinity (RBA) of each compound for the estrogen 

receptor and 17β-Estradiol as the control. Data were compiled from peer-reviewed 

literature when possible, or the USEPA ACToR database 

(http://actor.epa.gov/actor/faces/ACToRHome.jsp). 
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Compound ToxCast Rank RBA Rank logRBA Reference 

17α-Estradiol 5 6 0.49 Blair et al. 2000 

17α-Ethinylestradiol 3 3 2.28 Blair et al. 2000 

17β-Estradiol 3 4 2.00 Blair et al. 2000 

2,2',4,4'-Tetrahydroxybenzophenone 16 10 -1.03 Yamasaki et al. 2003 

2,4-Dihydroxybenzophenone 17 17 -2.61 Blair et al. 2000 

4-(1,1,3,3-Tetramethylbutyl)phenol 13 13 -1.82 EPA ACToR 

4-Cumylphenol 15 16 -2.30 EPA ACToR 

4-Nonylphenol, branched 12 12 -1.53 Blair et al. 2000 

Bisphenol A 11 15 -2.11 Blair et al. 2000 

Bisphenol AF 7 7 -0.11 Akahori et al. 2008 

Bisphenol B 7 11 -1.07 Blair et al. 2000 

Daidzein 14 9 -0.82 Kuiper et al. 1998 

Diethylstilbestrol 1 1 2.60 Blair et al. 2000 

Estrone 6 5 0.86 Blair et al. 2000 

Genistein 9 8 -0.36 EPA ACToR 

Meso-Hexestrol 2 2 2.48 Blair et al. 2000 

Norethindrone 10 14 -2.00 Schoonen et al. 1995 

 

Table 6: Consensus ranking of the most estrogenic compounds according to 19 ToxCast 

assays, plus relative binding affinities (RBA) relative to 17β-estradiol for each compound 

 

Overall, consensus ranking of estrogenicity was relatively similar to RBA values for most 

compounds, particularly steroid hormones. Here, RBA was picked as a comparative 

model because this endpoint had adequate data for all compounds. In addition, there is a 

high correlation between RBA and more robust testing procedures, such as the in vivo 

mouse uterotrophic assay (Yamasaki et al., 2004). With the consensus rank established, 

these values were compared with estrogenicity ranks for each compound by assay. The 

absolute value difference between these values was determined, added for all compounds 

constituting an assay, and ranked as a measure of consistency (Table 7). 
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Assay Difference of Rankings Consistency Rank 

NCGC Tox21 ERa BLA Agonist ratio 21 1 

Odyssey Thera ER ERaERa 48hr 22 2 

Odyssey Thera ER ERaERb 1440hr 23 3 

Odyssey Thera ER ERaERa 1440hr 24 4 

Odyssey Thera ER ERbERb 48hr 24 4 

NCGC Tox21 Era LUC BG1 Agonist 27 6 

Odyssey Thera ER ERaERb 48hr 28 7 

Attagene ERE CIS 29 8 

Odyssey Thera ER ERbERb 1440hr 30 9 

Attagene ERE CIS perc 33 10 

ACEA T47D 80hr Positive 35 11 

Odyssey Thera Era ERELUC AG 1440 hr 35 11 

Odyssey Thera Era EREGFP 12hr 36 13 

Novascreen NR bER 38 14 

Odyssey Thera Era EREGFP 48hr 39 15 

Novascreen NR mERa 41 16 

Attagene ERa TRANS 44 17 

Attagene ERa TRANS perc 47 18 

Novascreen NR hER 53 19 

 

Table 7: Consistency ranks calculated by comparing sum absolute value differences 

between consensus ToxCast and individual assay rankings of estrogenic compounds 

 

 

As evident by these differences, each assay reports with various levels of consistency. 

The NCGC Tox21 ERa BLA Agonist ratio assay was the most consistent, and over two 

times more consistent than Novascreen NR bER, which was the least consistent. From 

this, ToxCast assays vary with consistency when identifying the most estrogenic 

compounds. 

These considerations are particularly applicable in context of the EDSP, as 

ToxCast assays evaluate many common endpoints with T1S. A previous study by Rotroff 

et al. (2013) identified Phase I ToxCast assays were predictive of endocrine disruption 

and useful for prioritizing chemicals for T1S assays in the EDSP. With the inclusion of 

additional assays in Phase II and E1K data sets, these assessments are also likely to be 
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predictive of endocrine disruption. For estrogen agonists, many ToxCast estrogen agonist 

assays share similarities with the rat uterine estrogen receptor binding and human 

estrogen receptor transcriptional activation assays from T1S. While there are apparent 

commonalities in specificity, this study provided a comparative evaluation of assay 

sensitivity, which offers additional information for assay selection. These concerns are 

critical for determining appropriate estrogen agonist assays in context of the EDSP. 

While ToxCast data for estrogen agonists provide a comprehensive evaluation for 

potential endocrine disruption, these assays also entail certain shortcomings. Due to the 

specificity of these in vitro assessments, ToxCast assays are intended for screening-based 

purposes and may not represent effects at higher levels, often represented by in vivo tests. 

In particular, in vitro assays do not include physiological parameters such as 

biotransformation and protein binding, which are of noted concern for many endocrine 

disrupting compounds. Also, ToxCast assays may not offer a representative assessment 

for all organisms, due to differences such as estrogen receptor specificity and 

conservation across various species. However, advancements in comparative physiology 

and read-across approaches can identify target and non-target species due to these 

differences. For example, it may not be necessary to evaluate invertebrates for estrogenic 

effects, as it is well known these organisms commonly lack the estrogen receptor (Ankley 

et al., 2010). Though ToxCast data are useful for screening-based assessments, their 

application also have certain confines. 

  The probabilistic approach used in this study entails additional limitations. As 

common compounds were selected in the second comparison to reduce uncertainty, this 

restricted sample size considerably. In addition, although the 5th centile is a common 
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probability selection in the literature, it is an arbitrary value simply used for comparison. 

In CTDs for common compounds, there are two visual groupings of compounds among 

the distribution, which can be separated by compound type. Pharmaceuticals related to 

steroid hormones account for the most estrogenic grouping, while plasticizers and other 

compounds are less estrogenic. This bimodal response may be attributed to various 

mechanisms of action, although all compounds elicit a relevant, estrogenic response, and 

are known estrogen agonists. Steroid hormones and pharmaceuticals, such as 17β-

estradiol, have an enhanced ability to bind to the estrogen receptor relative to plasticizers 

and other compounds. As such, receptor binding affinity could account for the apparent 

bimodal response. 

Future studies should apply PHA approach to other toxicity endpoints and 

specific classes of compounds, particularly with ToxCast data. In addition, studies could 

identify physical chemical properties of the most problematic compounds using this 

approach for subsequent use in development of sustainable molecular design guidelines. 

These properties may also be useful for developing prioritized screening methods and 

selecting compounds that might elicit toxic outcomes. 
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CHAPTER FOUR 

 

Conclusions 

 

 

This study demonstrated differences in sensitivity among numerous estrogen 

agonist assays from ToxCast, indicating various abilities to detect estrogenic responses. 

The probabilistic approach used in this study provided a robust model to compare assays. 

When all compounds were employed in CTDs, the Novascreen NR bER assay was the 

most sensitive, as a concentration of 0.534 μg/L elicited an estrogenic response at the 5th 

centile. Among common compounds in ToxCast, the NCGC Tox21 ERa BLA Agonist 

ratio assay was the most sensitive at 0.00505 μg/L alongside other common reporter gene 

assays, which delivered greater sensitivity at the 5th centile. Among a common assay 

design, those evaluating ESR2 were more sensitive to estrogenic responses, suggesting 

ESR2 could be considered for future assay designs due this enhanced sensitivity. As each 

ToxCast assay provides relevant information for specific endpoints among the entire 

estrogenic toxicity pathway, assay selection should consider sensitivity and specificity. 

ToxCast estrogen agonist assays also had a low probability of detecting compounds 

below an E2 threshold for the MCF-7 human breast ademocarcinoma proliferation assay, 

which suggests the relative sensitivity of ToxCast estrogen agonist assays is lower than 

other in vitro models. 
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