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Abstract 

Background: Recent studies report widespread usage or exposure to a variety of chemicals with 

structural or functional similarity to bisphenol A (BPA), referred to as BPA analogues or 

derivatives. These have been detected in foodstuffs, house dust, environmental samples, human 

urine or blood, and thermal paper. Compared to BPA relatively little is known about potential 

toxicity of these compounds.  

Objective: To identify and summarize human, animal, and mechanistic toxicity data for 24 BPA 

analogues of emerging interest to research and regulatory communities. 

Methods: The objective was addressed by two efforts: 1) a systematic review of the available 

research; and 2) analysis of data available from the high throughput screening programs 

Tox21/ToxCast. We used systematic review methods to identify relevant studies from the 

published literature. Over 5,100 literature studies were screened for relevance and 166 were 

considered relevant. Analyses of the high throughput screening data focused on assessing 

structural and biological similarity among the BPA analogues and between BPA or estradiol 

(E2). 

Results: Reports on 16 of the 24 analogues were found in the published literature. There were no 

studies of human health effects, animal toxicity or mechanistic studies for 8 of the 24 

compounds. The only human health effect that was reported was dermal sensitization to 4,4-BPF, 

2,2-BPF or BPS. The majority of the available research was conducted in vitro. Analysis of the 

Tox21/ToxCast data showed that in general, BPA analogues and derivatives are more 

structurally and biologically similar to BPA, and to each other, than to E2. Taken together, the 

published literature and the data available in Tox21/ToxCast demonstrate that many of the BPA 

analogues that are potential replacements for BPA have biological activity within the range of 

activity observed for BPA. 

Conclusion: The results of these analyses suggest that many of these chemicals may have 

endocrine activity in vivo. Given that these chemicals have potential widespread use, they should 

be pursued in further testing and reconsidered as appropriate replacements for BPA in consumer 

products. 
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Introduction 

Background 

Bisphenol A (BPA) is a high production volume chemical used in the manufacture of 

polycarbonate plastics, epoxy resins, as a dye developer in thermal paper, and as a 

polymerization inhibitor in the formation of some polyvinyl chloride plastics1-3. Polycarbonates 

are in consumer products such as plastic dinnerware, microwave ovenware, eyeglass lenses, toys, 

pacifiers, impact-resistant safety equipment, compact discs and automobile parts. Epoxy resins 

are used in protective linings of canned food and beverage containers, drinking water storage 

tanks, wine vat linings, some paints, floorings, and some dental composites1-3. The types of 

thermal paper products where BPA might be used as a developer include cash register receipts 

and certain medical technical paper1; 4. Consequently, human exposure is widespread. BPA has 

been detected in the urine of 92% of participants surveyed in the United States National Health 

and Nutrition Examination Survey (NHANES) in 2003 to 20045. BPA has been reported to cause 

a wide range of adverse health outcomes in experimental animal studies; similar findings in 

humans have also been linked to BPA exposure in observational epidemiology studies2; 3; 6; 7. 

Table 1. BPA Analogues Included in Systematic Review 

Structure 
Abbreviation 

(CASRN) 
Detection Structure 

Abbreviation 

(CASRN) 
Detection 

 

BPS 

(80-09-1) 

blood8, food9, 

dust10, sediment11, 

receipts12-15, 

urine16; 17  

2,4-BPS 

(5397-34-2) 

receipts15 

 

4,4-BPF 

(620-92-8) 

food9; 18; 19, dust10, 

sediment11, 

receipts15, urine16; 

17, PCP20, 

municipal sewage 

sludge21 

 

BPS-MAE 

(97042-18-7) 

receipts15 

 

BPAP 

(1571-75-1) 

food9, dust10, 

sediment11, 

receipts15 
 

TGSA 

(41481-66-7) 

receipts15 

 

BPAF 

(1478-61-1) 

food9, dust10, 

sediment11, 

municipal sewage 

sludge21 

 

BPS-MPE 

(63134-33-8) 

receipts15 

 

BPB 

(77-40-7) 

food9; 19; 22-25, 

dust10, sediment11, 

blood26; 27, urine28 
 

BPC 

(79-97-0) 

receipts15 

 

BPP 

(2167-51-3) 

food9, dust10 

 

BPPH 

(24038-68-4) 

receipts15 

 

BPZ 

(843-55-0) 

food9; 18, 

sediment11, PCP20 
 

 

DD-70 

(93589-69-6) 

receipts15 
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Structure 
Abbreviation 

(CASRN) 
Detection Structure 

Abbreviation 

(CASRN) 
Detection 

 

D-8 

(95235-30-6) 

blood29, receipts29 
 

D-90 

(191680-83-8) 

receipts15 

 

2,2-BPF 

(2467-02-9) 

resins30 
 

 

BTUM 

(151882-81-4) 

receipts15 

 

BPE 

(2081-08-5) 

municipal sewage 

sludge21 

 

MBHA 

(5129-00-0) 

receipts15 

 

TMBPA 

(5613-46-7) 

polycarbonate 

resin31  

Pergafast 201 

(232938-43-1) 

receipts15 

 

BDP 

(5945-33-5) 

flame retardant  
 

UU 

(321860-75-7) 

receipts15 

Italics indicate that this chemical has been suggested for use as described, but its use or detection has not been confirmed. Full 

chemical names can be found in Supplemental Table 1, posted online. Abbreviations: PCP (personal care products).  

Recent studies report widespread exposure to a variety of chemicals with structural or functional 

similarity to BPA, often referred to as BPA analogues or derivatives (and henceforth referred to 

as BPA analogues) (Table 1). BPA analogues have been detected in foodstuffs9; 18, house dust10, 

river and lake sediment11, personal care products32, and thermal paper12; 14. Importantly, BPA 

analogues have also been detected in human biological specimens8; 16; 17; 26-28. Several chlorinated 

and brominated derivatives of BPA are used as flame retardants1-3; 33. Other chemicals (e.g. 

MBHA) have also been identified as theoretical alternatives to BPA in thermal paper, although 

the extent to which they are actually being used is not known15. 

In contrast to BPA, most BPA analogues are poorly understood with respect to potential 

toxicity15; 34. Use of these compounds may increase as companies move towards using 

alternatives to BPA in consumer products35-37. The health effects of two BPA analogues, 

bisphenol S and bisphenol F (BPS and BPF) have been recently reviewed using systematic 

review methodology38, and the United States Environmental Protection Agency’s (US EPA) 

Design for the Environment program completed an alternative assessment in January 2014 in 

which the potential human health and environmental impacts of chemical alternatives to BPA in 

thermal paper were summarized15. However, the literature for some analogues is growing 

rapidly. 

Objectives 

The objective of this review is to answer the question: “What is the biological activity of BPA 

analogues of emerging public health concern?” Our specific aims were to 

• identify all of the publicly available human, animal, and in vitro literature concerning 

health outcomes or biological responses of BPA analogues with the highest potential 

for human exposure (Table 1); 

https://doi.org/10.22427/NTP-DATA-4
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• extract data from the relevant studies; 

• assess the risk of bias of individual animal and human studies; 

• synthesize and summarize the existing evidence based on associated health outcome 

or biological response; 

• evaluate the structural and biological similarity of the analogues to each other, to 

BPA, and to the potent estrogen estradiol (E2) within the National Toxicology 

Program’s (NTP) Tox21 and US EPA’s ToxCast high throughput screening (HTS) 

platforms; and 

• identify data gaps and research needs that could aid in assessment or development of 

BPA alternatives. 
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Methods  

Systematic Review Methods 

Methods for the systematic review are briefly summarized below and are available in more detail 

in the evaluation protocol39. Systematic review processes were conducted in accordance with the 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement 

criteria40 and following the OHAT framework for conducting a systematic review41.  

Formulate the Study Question 

A literature search strategy was initially developed for 27 BPA structural and/or functional 

analogues and refined during problem formulation (described in the evaluation protocol) to focus 

on the 24 BPA analogues listed in Table 1 (with additional details provided in 

Supplemental Table 1, posted online. In brief, analogues were prioritized for inclusion in the 

systematic review based on (1) detection in the environment (e.g., dust, water, sewage), 

foodstuff, or human biological samples; (2) identification by the US EPA Design for the 

Environment (DfE) program as being a potential alternative to BPA in thermal paper (henceforth 

referred to as the “US EPA DfE report”)15; (3) use as a halogenated flame retardant; and (4) 

considered of emerging interest, i.e. relatively data-poor and not the focus of many previous or 

on-going hazard or risk evaluations. 

To address our overall objective we developed a PECO (Populations, Exposures, Comparators, 

Outcomes) statement (Table 2) to aid in developing an answerable question, the search terms, 

and the inclusion/exclusion criteria for our systematic review42; 43. The overall objective and 

PECO statement were based on a series of problem formulation steps that included assembling 

an NIEHS/NTP evaluation design team with expertise in BPA and BPA alternatives, toxicology, 

epidemiology, systematic review, information science, and analysis of high throughput screening 

data; and consultation with scientists at state governments and other Federal agencies. More 

details about problem formulation activities can be found in the evaluation protocol39. 

Table 2. PECO (Populations, Exposures, Comparators Outcomes) Statement 

PECO Element Evidence 

Populations Human, animal (whole organism), or ex vivo/in vitro models utilizing organs, tissues, 

cell lines, or cellular components (e.g., cell-free receptor binding assays). 

Exposures Exposure to at least one of the 24 BPA analogues listed in Table 1. 

Comparators Humans, animals, organs, tissues, cell lines, or cellular components exposed to a 

lower level of a BPA analogue than the more highly exposed subjects or treatment 

groups, or vehicle-only treatment. 

Outcomes Any health outcome or type of biological response. 

 

https://doi.org/10.22427/NTP-DATA-4
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Search For and Select Studies for Inclusion  

Literature Search Strategy 

Prior to the literature search, the SciFinder database was searched using each chemical’s 

chemical abstracts service registration number (CASRN) to retrieve synonym names as well as 

old or additional CASRNs. Six databases were initially searched on March 28, 2014: Embase, 

PubMed, SciFinder, Scopus, Toxline and Web of Science. The search strategy was customized 

for each database because of differences in syntax. In addition, a broader search of the literature 

using the phrase “bisphenol A (analogue or analog)” was done, in order to retrieve studies that 

had not specified analogues in the title or abstract. The search was not limited by language or 

publication date. A literature search update was performed on March 23, 2015. The search 

update did not include searches for PHBB, TBBPA, or TCBPA because these compounds were 

not prioritized after problem formulation as they have been the focus of prior literature-based 

evaluations. The specific language used for each database and numbers of studies retrieved are 

available in the evaluation protocol.  

Searching Other Resources 

Additional relevant publications were searched for by reviewing studies from the database search 

that did not contain original data (e.g., reviews), the US EPA DfE report15, an NTP background 

document on BPA alternatives34, and the European Chemicals Agency (ECHA) database that 

contains registration dossiers submitted for REACH chemicals 

(https://echa.europa.eu/information-on-chemicals/registered-substances). Though the ECHA 

database was searched, relevant data could not always be analyzed to the same degree as other 

included studies because the information is not peer reviewed and the database often only 

contains summaries of study findings. For example, the study’s No Observed Effect Level 

(NOEL) may be listed, but the study summary does not present underlying data such as mean or 

standard deviation. When available, relevant findings from studies in ECHA are presented 

separately from those available in the published literature. Additionally, the numbers of studies 

available in ECHA for each chemical and study type are listed in the results tables in order to 

indicate the availability of the data. 

Study Selection Criteria 

Studies were screened for inclusion using a structured form in DistillerSR (Evidence Partners; 

http://www.evidencepartners.com). In order to be eligible for inclusion, studies needed to 

comply with the criteria specified by the PECO statement (Table 2). Studies that did not meet the 

PECO criteria were excluded. In addition, the following exclusion criteria were applied: studies 

that did not contain original data, such as reviews, editorials, or commentaries, or that were 

conference abstracts. 

Two members of the evaluation design team (K.E.P. and K.A.T. or P.R.) independently 

conducted title and abstract screening of the search results to determine whether a reference met 

the inclusion criteria; studies not excluded based on the title and abstract were screened through 

a full-text review. Full-text copies of potentially relevant studies were reviewed by one author 

(K.P.) and exclusions confirmed by a second author (K.A.T. or P.R.). Discrepant screening 

https://echa.europa.eu/information-on-chemicals/registered-substances
http://www.evidencepartners.com/
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results were resolved by discussion. Native-language speakers at NIH facilitated the assessment 

of eligibility status of non-English studies.  

Although beyond the scope of the current review, we also tracked studies reporting information 

on human exposure (detection in human blood, urine, or tissues) (Supplemental Table 2, posted 

online); wildlife (Supplemental Table 3, posted online); absorption, distribution, metabolism, and 

excretion (ADME) (Supplemental Table 4, posted online); and studies assessing the health 

effects of PHBB, TCBA, and TBBPA, which were not included past problem formulation as 

they have been the focus of prior literature-based evaluations (Supplemental Table 5, 

Supplemental Table 6, and Supplemental Table 7, respectively, posted online). 

Extract Data from Studies 

Data were extracted from studies that met the inclusion criteria using DRAGON software44; 45. 

For each study, data extraction was done by one of the contract staff and reviewed for 

completeness and accuracy by a senior contractor (J.W.) and by K.E.P. The following data were 

collected for each study: authors, journal, reference information, year of publication, chemical, 

purity, dose or concentration tested, species/strain, cell line/tissue type, assay, endpoint, and 

AC50 (when reported). Dose and concentration level specific effects were summarized based on 

statistical significance as reported in the research studies. For in vivo studies, measures of effect 

at each dose or concentration level were extracted (e.g., mean, median, and measures of 

precision or variance). Findings from in vivo studies for continuous endpoints were converted to 

percent of control response using numbers presented in tabular form or by use of the WebPlot 

Digitizer46 from graphical depictions of data. For in vitro studies, the effects were summarized as 

increase, decrease, or no change from a vehicle control at each dose tested. One limitation is that 

in the in vitro studies authors often express results as a percentage of the positive or negative 

control response which may miss subtle induction or inhibition effects only apparent when 

looking at raw data. Disagreement was resolved by discussion between reviewers. Data 

extraction results are stored and visualized using Health Assessment Workspace Collaborative 

(HAWC)47 and are available for download in Excel format 

(https://hawcproject.org/assessment/46/). 

Assess Internal Validity (“Risk of Bias”) of Individual Human and Animal 
Studies 

Internal validity, often referred to as “risk of bias” in systematic review, was assessed for 

individual human and animal studies using the OHAT risk of bias tool41; 48. In brief, risk of bias 

questions addressed randomization, allocation concealment, similarity of conditions across 

groups, blinding during the study, characterization of the treatment, adequacy of the outcome 

assessment, concerns for missing data, and other potential threats to internal validity such as 

failure to control for litter effects in developmental studies. Each risk of bias question was 

answered on a 4-point scale: “definitely low risk of bias,” “probably low risk of bias,” “probably 

high risk of bias,” and “definitely high risk of bias.” Risk of bias was independently assessed by 

one senior contract staff (R.B.), reviewed by another (P.R), with a final review conducted by 

K.E.P. Any discrepancies were resolved by consensus, arbitration by an additional member of 

the review team, or consultation with technical advisors as needed. Risk of bias was not assessed 

for in vitro studies because a tool analogous to that used for human and animal studies has not 

yet been finalized for the NTP method. 

https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
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Structural and Biological Similarity Analysis 

Structural Similarity Analysis 

Chemical structures (SMILES strings) were retrieved from the US EPA annotation of the Tox21 

10K library49 (Supplemental Table 1, posted online). Structures were not available for two BPA 

analogues that are polymers (D90 and UU). For chemicals that were not contained in the Tox21 

library a SMILES string was identified in the EPA Chemical Dashboard 

(https://comptox.epa.gov/dashboard) by searching with CASRN. Smiles strings were loaded into 

the Leadscope Model Applier software (Version 3.1; Columbus, OH) and the presence or 

absence of a total of 8,026 structural features representing medicinal chemistry building blocks 

were annotated to the chemicals. Tanimoto coefficients (chemical structure similarity metric) for 

the structural features were then calculated for all pairs of chemicals. Pairs of chemicals with 

Tanimoto coefficients close to 1 are quite similar and those close to 0 have limited similarity. 

HTS Data 

Analyses of HTS data from Tox2150 and ToxCast51 focused on evaluating structural and 

biological similarity among the BPA analogues and relative to BPA or E2. Fifteen BPA 

analogues (TGSA, BPC, 4,4-BPF, TBBPA, PHBB, BPS, TCBPA, 2,2-BPF, BPE, TMBPA, 

BPAF, BPZ, BPB, BPPH, BPS-MPE) were included in the Tox21 library, 4 (TGSA, TBBPA, 

BPAF, BPB) were included in the ToxCast Phase I/II libraries, and 6 were included in the 

ToxCast E1K library (PHBB, BPS, TCBPA, 2,2-BPF, BPB, BPAF) (Supplemental Table 1, 

posted online), which is an additional set of 800 compounds that are part of the Endocrine 

Disruption Screening Program (EDSP21) and that have only been tested in the endocrine-related 

subset of ToxCast assays52. Although not included in the systematic review, the “data rich” 

chemicals TBBPA, TCBPA, and PHBB were included in the HTS similarity profiling.  

Biological Similarity Analysis Based on HTS Data 

The biological similarity was assessed either in the scope of BPA analogues themselves (analysis 

#1), in the scope of pharmaceutical estrogens (analysis #2) or in the scope of the whole Tox21 

library (analysis #3). In the first analysis, the activity values (AC50; concentration eliciting a half-

maximal response) of chemicals in Tox21 assays were retrieved from 

https://ntp.niehs.nih.gov/sandbox/tox21-activity-browser/53. Activities that were potentially 

confounded by interferences such as compound auto-fluorescence and compound cytotoxicity 

were flagged as inconclusive53. The similarity of chemicals was viewed as a dendrogram based 

on the results of hierarchical clustering with average linkage using AC50 values (-log10(M), 1M 

is set for inactives or inconclusives). At the time of analysis, 24 assays targeting nuclear receptor 

signaling pathways and stress response pathways were used (Supplemental Table 8, posted 

online). Most Tox21 assays detect the target of transcriptional factor activity using reporter gene 

transcription technology (https://ncats.nih.gov/tox21/projects/nrassays). BPA and E2 were 

included for comparison. The ToxPI tool54 was used to compare the potency (AC50) between 

BPA analogues, BPA, and E2, relative to the most potent chemicals in the library 

(Supplemental Table 8, posted online). 

In the second analysis, the activity values (wAUC, weighted area under the curve)53 from 55 

assays (cell viability assays included) including 441 outputs were used. The activity of the BPA 

https://doi.org/10.22427/NTP-DATA-4
https://comptox.epa.gov/dashboard
https://doi.org/10.22427/NTP-DATA-4
https://ntp.niehs.nih.gov/sandbox/tox21-activity-browser/
https://doi.org/10.22427/NTP-DATA-4
https://ncats.nih.gov/tox21/projects/nrassays
https://doi.org/10.22427/NTP-DATA-4
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analogues was first compared to that of a set of Tox21 chemicals similar to E2, then more 

broadly to the entire Tox21 chemical library. The E2 set was defined as all of the Tox21 

chemicals with Tanimoto similarity to beta-estradiol of greater than 0.5 (see Appendix A. 

Supplemental Materials). 

In a third analysis, similarity to BPA or E2 was determined for the BPA analogues in Tox21 in 

addition to all other chemicals run as part of Tox21. Log transformed +1 wAUC values from a 

total of 441 assay metrics across 55 assays were used to determine the Pearson correlation 

coefficient between E2 or BPA and chemicals in the Tox21 library. Assays for which there were 

no data for one or both of the chemicals were omitted from the calculation. A bootstrap 

resampling method was used to calculate the 95% confidence intervals. For each pair of 

chemicals, a bootstrap sample was generated by resampling with replacement from the pairs of 

wAUC values for those chemicals, and the correlation coefficient for these resampled values was 

generated. This procedure was performed 1,000 times. If the resampled data could not be used to 

compute a correlation coefficient (e.g., if all data points had wAUC values of 0 (i.e., inactive) for 

both assays), the value of the correlation coefficient was treated as 0. The 95% confidence limit 

was calculated as the range from the 2.5th to 97.5th percentiles of the bootstrapped values. P 

values for the correlation coefficients were also calculated. The p value of the observed 

correlation was calculated as the fraction of the bootstrapped correlation with absolute values 

greater than the observed correlation value, under the null hypothesis of no correlation. 

Chemicals with less than high quality (“A” rating for purity, defined as >90% and molecular 

weight identity confirmed) were removed from the analysis to avoid spurious results. For 

visualization purposes correlation values represent an average by CASRN when the chemical 

was present more than once in the library (i.e., the chemical had multiple Tox21 IDs). 

Integrated Chemical and Biological Similarity 

Chemical structural similarity data from above was merged with biological similarity data from 

the biological similarity analysis #3 to yield a plot illustrating a trend of increasing biological 

similarity with chemical similarity for the BPA analogues in the context of the entire Tox21 

library. 
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Results 

Literature Search Results 

The literature searches yielded 5,124 unique studies and an additional 8 studies were identified 

while reviewing included studies. Of these, 4,783 were excluded during title and abstract 

screening. Three hundred forty nine studies were reviewed at the full text level, and 166 were 

identified as relevant to the PECO statement (Figure 1). Nine of the 166 studies (5%) were non-

English55-63. 

 
Figure 1. Study Flow Diagram 

Study flow diagram. Describes the number of studies processed at each step of the evaluation. aRecords were broadly 

characterized by evidence stream (human, animal, in vitro), type of health outcome, and chemical. No results are extracted or 

summarized. 

 

There was very little to no toxicity data available for many of the BPA analogues. Sixteen of the 

24 BPA analogues had been reported on in at least 1 publication, but only ten had been evaluated 

in more than three studies. Most studies reported on in vitro data (n = 130), whereas fewer 

(n = 40) reported on in vivo data and only 4 studies reported on human epidemiological data 

(Figure 1, Table 3). There were no studies recovered from the literature search for eight of the 24 

BPA analogues (BPS-MAE, BPS-MPE, BTUM, D-90, DD-70, MBHA, TGSA, UU). These 

eight BPA analogues were listed in the 2014 US EPA DfE Report where their potential hazards 

were summarized based largely on values from estimation software, professional judgment, 

analogy to experimental data for a structurally similar compound, or, where available, submitted 
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confidential studies15 (Supplemental Table 11, posted online). One of these chemicals (BPS-

MAE) and BDP, BPS, and Pergafast 201 were included in the ECHA database (See Appendix A. 

Supplemental Materials). 

Table 3. Inventory of Published Literature by Chemical and Evidence Stream 

Chemical Human Animal In Vitro 

4,4-BPF 3 15 61 

BPS 1 9 52 

BPAF 0 10 41 

BPB 0 9 35 

BPC 0 5 22 

BPE 0 3 23 

BPZ 0 3 15 

TMBPA 0 1 14 

BPAP 0 2 9 

BPP 0 0 6 

2,2-BPF 0 2 1 

BDP 0 1 2 

2,4-BPS 0 1 1 

BPPH 0 0 2 

D-8 0 0 2 

Pergafast 201 0 0 1 

Survey of Evidence 

Human Evidence 

Four human studies reported information on exposure to BPA analogues and contact dermatitis64-

67. No other health outcomes were assessed in the human studies. In the four human studies 

patients or workers with suspected allergic contact dermatitis were patch tested with one or more 

of the BPA analogues or additional chemicals that they may have come in contact with including 

plastics, epoxy resins, glues, and hardeners. Dermal patch testing with BPF (both the 2,2- and 

4,4-isomers) caused some reactions in patients or workers64; 65; 67. In contrast, dermal patch 

testing with BPS did not elicit an effect66. 

Animal Evidence 

Forty experimental animal studies reporting on 13 BPA analogues were identified from the 

published literature and are summarized in Table 4 following the definitions provided in15. The 

most commonly studied BPA analogues were 4,4-BPF (n = 15 studies), BPAF (n = 10 studies), 

BPB (n = 9 studies) and BPS (n = 9 studies). Eleven studies assessed uterotrophic responses 

(4,4-BPF, BPS, BPZ, BPB, 2,2-BPF, BPAF, BPC, BPAP), five studies assessed subchronic 

exposure (BPAF, 4,4-BPF, BPZ, BPS), eleven studies assessed sensitization), and none assessed 

https://doi.org/10.22427/NTP-DATA-4
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chronic toxicity. Doses in rodent studies ranged from 2 to 32,000 mg/kg-day. Only one rodent 

developmental study, for BPAF, was identified from the published literature68. Otherwise all 

developmental or reproductive studies from the published literature were in fish models testing 

concentrations of 0.1 to 1,500 µg/L. Additional animal studies including developmental, 

reproductive and aquatic toxicology endpoints were identified in the ECHA database for BPS, 

BDP, BPS-MAE, and Pergafast 201 (Table 4). 
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Table 4. Summary of Animal Evidence 

 4,4-

BPF 
BPS BPAF BPB BPC BPE BPZ TMBPA BPAP 2,2-BPF BDP 2,4-BPS 

BPS-

MAE 
Pergafast 

Number of 

Studies 

15 9 [31] 10 9 5 3 3 1 2 2 1 [126] 1 [21] [14] 

Endpoint Classification (Number of Studies by Endpoint) 

Acute Toxicity 1R,1Rb 1R, 1Rb, 1GP 

[5R, 2M, 2GP] 

1R – 1R – – – – – [21R, 2M] 1R, 1Rb [4R] [3R] 

Carcinogenicity – – – – – – – – – – – – – – 

Reproductive – 2ZF [1R] 2ZF – – – – – – – [2R] – [1R] [1R] 

Developmental 1ZF 2ZF [1R] 1R, 3ZF 1ZF – 1ZF – – 1ZF – [9R] – [2R] – 

Neurological – 1ZF – – – – – – – –  – – – 

Repeated Dose 1R 1R [3R] 2R, 1ZF – – – 1R – – – [16R] – [1R] [3R] 

Skin Sensitization 1GP 1GP 

[1M, 2GP] 

– – – – – – – 1GP [14GP] – [2GP] [1GP] 

Eye Irritation 1Rb 1Rb [4Rb] – – 1Rb – – – – – [13Rb, 1P] – [2Rb] [1Rb] 

Dermal Irritation 1GP, 1Rb 1GP 

[3Rb, 1GP] 

– – 1Rb – – – – 1GP [13Rb] – [2Rb] – 

Endocrine Activity 8R 1R, 1ZF 3R 7R 1R – 2R 1Fr 1R 1R – – – – 

Aquatic Toxicity 

(Acute) 

1D 2D [2F, 2D] – 1D 1D 1F, 1D – – – – 1D [12F, 

14D] 

– [2F, 2D] [1ZF, 1D] 

Aquatic Toxicity 

(Chronic) 

– [1D] – – – – – – – – [1ZF, 1F, 

8D] 

– [1F, 1D] [1F, 1D] 

Other Studies 1M, 1GP 1F – – 2P – – – – – – – – – 

Doses Tested               

Range (mg/kg) in 

Mammalian 

Studies 

2–

1,000 

10–32,000 4–

11,000 

2–600 25–63 – 6–300 – not listed 2–200 15–5,000 1,400–

10,000 

100–

2,000 

12.5–

2,000 

Range (µg/L) in 

Aquatic Studies 

200–

14,016 

0.1–500,000 5–

23,536 

242–

16,692 

– 214–

14,998 

– 2.84–284 290–

20,325 

– 21–

100,000 

– 66–

14,000 

890–

86,000 

Superscript indicates species: RRat, MMouse, GPGuinea Pig, RbRabbit, PPoultry, FrFrog, ZFZebra Fish, FOther Fish, DDaphnia. 

Numbers in [ ] are from ECHA database and are not included in any of the summary or overall counts. – indicates no studies were found. 
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In Vitro Evidence 

One hundred thirty in vitro studies reporting on 16 BPA analogues were identified in the 

published literature. These studies are summarized in Table 5. Although many of the studies 

evaluated multiple BPA analogues or other chemicals, approximately half (70/130) reported on 

the effects of only a single BPA analogue, thus limiting ability to make direct comparisons 

across studies on the BPA analogues. Eighty-six of the 130 studies evaluated the ability of the 

BPA analogues to interact with nuclear receptors; for example, interaction with the estrogen 

receptor was reported in 68 studies and interaction with the androgen receptor was reported in 18 

studies). In vitro studies of genetic toxicity were also summarized in the ECHA database for 

BPS, BDP, BPS-MAE, and Pergafast 201 (Table 5). 

Health Outcomes and Mechanistic Findings  

Repeated Dose Effects 

Subchronic effects of repeated exposure (13–28 days) to BPAF, 4,4-BPF, BPZ or BPS were 

evaluated in five rodent studies in the published literature69-73 (Figure A-1, Figure A-2) and 23 

additional studies in the ECHA database. These studies evaluated changes in body and organ 

weight as well as other signs of toxicity, such as clinical chemistry. Overall, the most sensitive 

endpoints include body, kidney, brain, and liver weight (Table 6). In addition to the publicly 

available literature, there were 28- and 90-day repeated dose studies available in the ECHA 

database for BPS, BPS-MAE, BDP and Pergafast 201 (Table 6). BDP did not appear to cause 

any treatment related effects, including on body weight74; 75, and there were no study details 

available for the one study reporting subchronic exposure of rats to BPS-MAE76. 

Reproductive and Developmental Effects 

Only one rodent developmental study was identified from the published literature. In this study, 

rats were dosed with BPAF via gavage at 200 to 500 mg/kg-day from gestation day 14 to 18 and 

testosterone production was evaluated in the male offspring at gestation day 1868. Developmental 

exposure to BPAF did not alter fetal testosterone production in this assay. In addition, there were 

reproductive and developmental rodent studies identified in the ECHA database for BPS, 

Pergafast 201, BDP, and BPS-MAE, which are summarized in Supplemental Table 1, posted 

online. 

Pergafast 201 decreased F1 body weight at the same dose that caused maternal kidney and liver 

toxicity (200 mg/kg-day). BPS reduced the number of F1 offspring at the same dose that 

disrupted maternal estrus cyclicity and implantation (300 mg/kg-day). There were no effects 

reported for BDP and no information available for BPS-MAE. 

Reproductive and developmental effects of exposure to six BPA analogues (4,4-BPF, BPS, 

BPAF, BPB, BPE, BPAP) were tested in zebrafish models (Table 4)77-82. Developmental 

exposure to all of these BPA analogues except 4,4-BPF (which was only tested in a single study) 

caused some degree of morphological malformation ranging from pericardial edema to otic 

vesicle deformities, for example. Steroidogeneisis and hatching endpoints were disrupted in adult 

zebrafish exposed to BPS or BPAF79; 81. 

https://doi.org/10.22427/NTP-DATA-4
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Table 5. Summary of In Vitro Evidence 

 4,4-

BPF 
BPS BPAF BPB BPC BPE BPZ TMBPA BPAP BPP 

2,4-

BPS 

2,2-

BPF 
BDP BPPH D-8 

Perga

fast 

201 

BPS-

MAE 

Number of Studies in Published Literature 61 52 41 35 22 23 15 14 8 6 1 1 2 2 2 1 0 

Endpoint Classification (Total Number for Each Endpoint) 

Estrogen Receptor (68) 32 26 29 25 13 13 11 8 5 3 – 1 – 1 2 [1] – 

Androgen Receptor (18) 13 11 5 6 3 4 2 1 – – – – – – 1 1 – 

Thyroid Receptor (6) 1 1 3 1 3 1 – 4 – – – – – – – – – 

Cytotoxicity (11) 2 7 1 1 1 1 – – – – – – 1 – 1 1 – 

Miscellaneous/Not Otherwise Classified (25) 13 11 

[1] 

1 3 1 3 – 3 1 – – – 1 – 1 1 – 

Adipocytes (3) 2 2 – 2 – 2 – – – – – – – – – – – 

Pregnane X Receptor (3) 3 3 2 1 – 1 1 1 – – – – – – – – – 

Constitutive Androstane Receptor (2) 2 2 1 – – – 1 1 – – – – – – – – – 

Estrogen Related Receptor γ (3) 2 1 3 2 – 2 – – 1 – – – – – – – – 

Retinoic Acid Receptor γ (2) 2 2 – 2 – 2 1 – – – – – – – – – – 

Retinoid-related Orphan Receptor γ (1) 1 1 – – 1 1 1 – 1 1 – – – 1 – – – 

Glucocorticoid Receptor (3) 2 2 1 – 1 – 1 – – 1 – – – – – – – 

Aryl Hydrocarbon Receptor (1) 1 1 – 1 – 1 – – – – – – – – – – – 

Albumin or SHBG Binding (5) 1 2 2 1 – – – – – – – – – – – – – 

Genotoxicity (14) 8 6 

[10] 

5 – 6 1 1 1 1 1 1 – [36] – – [3] [4] 

Numbers in [ ] are from ECHA database and are not included in any of the summary or overall counts.  

– indicates no studies were found.  
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Table 6. Summary of Most Sensitive Endpoints in Subchronic Studies 

Study Animal Group Endpoint 
Doses Tested 

(mg/kg/-day) 

NOEL 

(mg/kg-day) 

LOEL 

(mg/kg-day) 

Direction of Change (% 

Change Relative to 

Control at LOEL) 

Published Literature 

4,4-BPF 

Higashihara et al.69
 Female Crj:CD (Sprague-Dawley) rat kidney weight  20, 100, 500 20 100  (8.1%) 

Higashihara et al.69
 Female Crj:CD (Sprague-Dawley) rat body weight 20, 100, 500 – 20  (11.6%) 

Higashihara et al.69
 Female Crj:CD (Sprague-Dawley) rat brain weight 20, 100, 500 – 20  (14.1%) 

BPAF 

Feng et al.71
 Male Sprague-Dawley rat body weight 2, 10, 50, 200 10 50  (12.3%) 

Umano et al.70
 Female Sprague-Dawley rat body weight 10, 30, 100 10 30  (7.3%) 

BPZ 

Yamasaki and Okuda72
 Male CRL:CD (Sprague-Dawley) rat heart weight 30, 100, 300 30 100  (10.9%) 

Yamasaki and Okuda72 Male CRL:CD (Sprague-Dawley) rat serum T4 30, 100, 300 – 30  (14.7%) 

ECHA Database 

BPS Male Wistar rat kidney weight 100, 300, 1000 – 100  (10%) 

BPS-MAE Female Crj:CD (Sprague Dawley) 

IGS rat 

clinical signs 40, 200, 1000 200 – Details not provided. 

BPS-MAE Male Crj:CD (Sprague Dawley) IGS 

rat 

kidney weight 40, 200, 1000 40 200  (Details not provided.) 

BDP Male and female Sprague-Dawley rat – – 1000 – Details not provided. 

Pergafast 201 Female Wistar rat liver weight 12.5, 25, 50, 150 – 12.5  (14.7%) 

– indicates no studies were found. 
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Estrogenic and Anti-estrogenic Activity 

Seven studies evaluated the effects of BPAF, BPB, 2,2-BPF, 4,4-BPF, BPS, and BPZ on the 

uterotrophic response and 68 studies assessed estrogenic effects in vitro, mostly for 4,4-BPF 

(32), BPS (26), BPAF (29), BPB (25), BPC (13), BPE (13), TMBPA (8), and BPAP (6) 

(Table 5). Like BPA, the BPA analogues were shown to have varying levels of estrogenic 

activity in the test systems evaluated, but the majority had activity within the same order of 

magnitude as BPA. However, all chemicals tested were less potent than positive control 

reference agonists such as E2.  

In vivo estrogenic endpoints evaluated included (a) the uterotrophic response (Figure 2, 

Figure A-3, Figure A-4)83-89, (b) the uterine glycogen deposition response90, (c) assessment of 

vaginal smears for cornified cells87; 91-93, and (d) measurement of vitellogenin78; 80-82 or other E2-

responsive genes in fish79. The uterotrophic assay is a standard assay in which juvenile or 

ovariectomized rodents are administered test substance for three to five days after which time the 

effects on uterine growth are observed. The BPA analogues tested in this assay (BPAF, BPB, 

2,2-BPF, 4,4-BPF, BPS, BPZ) were all uterotrophic (Figure 2, Figure A-3, Figure A-4). Because 

the chemicals were not tested over the same dose range it is difficult to assess which chemical is 

the most potent in this assay. In general, however, 2,2-BPF and BPS appeared to be weaker than 

the other tested analogues. Another well-characterized assay for determining estrogenicity is the 

induction of vitellogenin (VTG) gene or protein expression in juvenile or male fish. BPS80 and 

BPAF78; 81; 82 both induced plasma or liver VTG expression (Figure A-5). In the one study that 

evaluated both BPA and BPAF, BPAF was more potent (more estrogenic) than BPA at inducing 

VTG82. 

In vitro estrogenic endpoints were evaluated for fourteen BPA analogues in 68 studies (Table 5). 

In vitro estrogenic endpoints evaluated included (a) receptor binding, (b) modulation of cellular 

proliferation, (c) modulation of reporter genes transfected into immortalized cell lines, (d) 

modulation of endogenous estrogen-responsive genes and proteins (e.g. progesterone receptor) or 

steroidogenesis, (e) the ability to recruit co-regulatory elements, (f) induction of non-genomic 

signaling pathways, and (g) interaction of ER with ERE. Because of the wealth of in vitro 

estrogenic endpoints, the results of each of these types of assays is discussed in detail in 

Appendix A. Supplemental Materials. 

The largest number of chemicals were tested in the MCF7 cell proliferation and the reporter gene 

assays (Table 7). Ten of the BPA analogues demonstrated estrogen receptor agonism in one or 

more of the assays at concentrations ≤1 µM (BPE, BPP, BPAF, BPS, 4,4-BPF, BPC, BPB, BPZ, 

BPAP, TMBPA). BPAF was consistently one of the most potent BPA analogues in the estrogen 

agonist and antagonist assays (Figure 2C). Conversely BPS and TMBPA, tended to be some of 

the least potent BPA analogues (Figure 2C, Table 7). BPE was interesting in that it was one of 

the most potent BPA analogues in stimulating MCF7 cell proliferation56 but one of the weakest 

at binding ER94. D8 was not active in any of the estrogen activity assays it was tested in (ER 

binding, reporter gene, and steroidogenesis assays)95-97 but did antagonize E2 activity at 50 µM95. 

In Tox21 BPAF was the most potent ER agonist of the BPA analogues, and was more potent 

than BPA. BPZ, BPC, TMBPA, 4,4-BPF, BPB, BPE, BPS displayed ER agonism similar to BPA 

(AC50 between 0.2 and 2 µM). PHBB was weaker (AC50 ~20 µM). 2,2-BPF, TCBPA, TBBPA 

only stimulated the partial receptor at ~50 µM. ER antagonism at ~50 µM was observed for 

TGSA, TCBPA, BPZ, BPC, TMBPA, BPAF, BPE, and BPB. 
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Table 7. Summary of In Vitro Estrogen Endpoints 

Lowest Effect Level Reported (µM) 
 

ER Binding 
MCF7 Cell 

Proliferation 

Reporter 

Gene 

Assay 

Tox21 ER 

Reporter 

Assay 

Endogenous 

Gene and 

Protein 

Expressiona 

Steroidogenesis 

ER 

Binding 

to ERE 

BPE 100 0.00001 0.01 – 10 3.14 – 

BPP – 0.00001 2.51 – – – – 

BPAF 0.0003 0.001 0.001 – 0.01 – 0.01 

BPS 1 0.01 0.0001 – 10 ND 1 

4,4-BPF 0.01 0.01 0.01 – 1 3.14 0.01 

BPC 0.01 0.01 0.04 – 0.1 – 1 

BPB 0.023 0.01 0.1 – 0.1 6.25 0.01 

BPZ – 10 0.0043 – 10 – 0.01 

BPAP – 10 5 – 10 – 0.01 

BPPH – 10 – – – – – 

TMBPA – – 0.73 – 1 – 0.01 

D-8 ND – ND – – ND – 

Pergafast 201 – – – – – ND – 

aMost of these tested at only a single dose. ND, not detected. 
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Figure 2. Estrogenic Activity 

(A) Summary of uterotrophic responses (dry, absolute uterine weight) following three days of exposure in weanling rats. Live link with all available uterotrophic data available in 

Figure A-3; (B) Summary of uterotrophic responses (dry, absolute uterine weight) by dose and % change from control for studies with subcutaneous exposure. Live link available 

for all routes of exposure and data reporting subtypes (dry or wet weight, relative or absolute) available in Figure A-4; (C) Scatterplot showing the relationship between reported 

AC50 values (µM) for BPA and BPAF, 4,4-BPF or BPS. Agonist assays are shown with closed diamonds and antagonist assays are shown with open circles. The color of the 

symbol indicates the type of assay (androgen-blue; estrogen-red; cell toxicity-black, estrogen related receptor (ERR)-purple, glucocorticoid receptor-green; steroidogeneisis of 

other hormones-orange). When the BPA analogue has an AC50 more potent than BPA the points fall above the black line and when the BPA analogue has an AC50 less potent than 

BPA the points fall below the black line. 
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Androgenic and Anti-androgenic Activity 

In vivo endpoints to assess androgen-regulated outcomes included (a) the Hershberger assay85, 

(b) disruption of testis function in rats exposed as adults71 or developmentally68, and (c) male 

reproductive organ weights after subchronic exposure69-71; 98-100. The lack of effects following 

developmental and subchronic exposures to BPAF, 4,4-BPF, BPZ, BPS, BPS-MAE, BDP, or 

Pergafast 201 have already been discussed above68-72; 74; 75; 98-101. In the Hershberger assay adult 

male Brl Han:WIST Jcl rats were exposed for 10 days to 50, 200 or 600 mg/kg-day BPAF, BPB 

or 4,4-BPF via oral gavage85. There were few effects reported from the Hershberger assay except 

that exposure to BPB (200 and 600 mg/kg-day) and BPAF (200 mg/kg-day) decreased the 

relative bulbo cavernous/levator 2ani muscle weight and BPAF (600 mg/kg-day) increased 

relative glans penis weight (Figure A-13). 

Both androgen agonism (Figure A-14) and antagonism (Figure A-15) were assessed in vitro. 

Androgen endpoints in vitro included (a) receptor binding, (b) reporter gene activity, (c) cellular 

proliferation, and (d) steroidogenic production of testosterone, androstenedione, or 

dehydroepiandrosterone. Androgen receptor (AR) binding was only explored for two analogues, 

BPB and BPS; BPB was found to bind AR with similar potency to BPA102; 103 whereas BPS only 

bound AR weakly102. Eight analogues (BPAF, BPB, BPC, BPE, 4,4-BPF, BPS, BPZ, TMBPA) 

were tested for AR agonist activity (Figure A-14). There was very limited evidence of weak 

agonism for two analogues (4,4-BPF, and BPS), but this was not replicated in other studies of the 

same chemicals. All eight analogues were, however, anti-androgenic in the range of 0.01 to 100 

µM (Figure A-15). TMBPA and BPAF were the most potent anti-androgens, with TMBPA ten 

times more potent that the positive control anti-androgen flutamide104. Of the anti-androgenic 

analogues, BPS appeared to be the weakest, acting as an anti-androgen in some assays but not 

others. Two additional BPA analogues, D-8 and Pergafast 201, were also tested for AR activity 

in a single study in which neither analogue altered androgen steroidogenesis97 (Figure A-11). In 

Tox21, none of the analogues were AR agonists. Like BPA, TBBPA, BPAF, BPB, BPZ, BPE, 

4,4-BPF, 2,2-BPF, BPC, TGSA, TMBPA were AR antagonists in the Tox21 assays between 3 

and 100 µM. BPS, TCBPA, PHBB, were inactive in Tox21 AR antagonist assays.  

Thyroid and Anti-thyroid Activity 

In vivo studies of thyroid disruption were identified for 4,4-BPF, BPAF, BPS, TMBPA, and BPZ 

and included evaluation of thyroid hormone levels in rats69; 70; 72 or fish80; 81, and disruption of 

frog metamorphosis105 (Figure A-16). Subchronic (28 day) studies were performed in young 

adult rats in which increased plasma T4 was observed in males exposed to 4,4-BPF (500 mg/kg-

day)69, BPAF (100 mg/kg-day)70, or BPZ (30 mg/kg-day)72 and in females exposed to 4,4-BPF 

(20 mg/kg-day) and BPAF (100 mg/kg-day). In male rats treated with 500 mg/kg-day 4,4-BPF 

the T4 increase was accompanied by a decrease in plasma T3 and an increase in relative thyroid 

weight69. In adult zebrafish treatment for 75 days with BPS or 28 days with BPAF had seemingly 

opposite effects: exposure to BPS reduced plasma T3 and T4 in males (10 and 100 µg/L) and 

females (100 µg/L), whereas exposure to BPAF increased whole body homogenate levels of free 

T3 in females at 1000 µg/L but had no effect in males80; 81. In developing frogs TMBPA 

treatment (28.4 and 284 µg/L) for 9 days suppressed tail regression and spontaneous 

metamorphosis106.  
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In vitro studies of thyroid hormone receptor activity were identified for 4,4-BPF, BPS, BPAF, 

BPB, BPC, BPE, and TMBPA104; 107-111. Endpoints used to assess thyroid hormone activity in 

vitro included (a) TR binding, (b) TR reporter gene activity in yeast, (c) growth hormone (GH) 

production in GH3 pituitary cells, (d) cellular proliferation of GH3 cells, and (e) inhibition of 

deiodinase or sulfotransferase activity in liver microsomes as a measure of receptor antagonism 

(Figure A-17, Figure A-18). Receptor binding was only assessed for TMBPA and BPC, both of 

which bound TR within the range of 1-100 µM107. TMBPA induced TRα and β mediated 

reporter gene activity between the doses of 1 and 10 µM110 and GH production in GH3 cells104, 

but did not induce GH3 cell proliferation111. The opposite effects were noted for BPC, which 

stimulated GH3 cell proliferation111, but did not induce GH production104. There was no 

evidence that BPAF, BPB, BPE, 4,4-BPF, or BPS were thyroid hormone agonists as none of 

these chemicals stimulated GH production in GH3 cells104. BPAF, however, disrupted thyroid 

hormone homeostasis by inhibiting deiodinase and sulfotransferase activity in liver 

microsomes108; 109. In the Tox21 assays there is no evidence that the BPA analogues were TR 

agonists or antagonists with the exception of TCBPA, which appeared to be a TR antagonist but 

this was confounded by concurrent cytotoxicity.  

Other Receptor Activity 

The ability of BPA analogues to interact with additional nuclear receptors (PXR, CAR, ERRγ, 

RARγ, RORγ, GR, and AhR) was also explored in the in vitro studies we identified 

(Figure A-19). There were three or fewer in vitro studies identified for each of these nuclear 

receptors. Of these, only ERRγ was also evaluated in vivo, where three of five tested BPA 

analogues disrupted otolith development in zebrafish77. In vitro 4,4-BPF, BPAF, BPB, and BPE 

bound ERRγ, induced the expression of a reporter gene, and antagonized the activity of the 

ERRγ inverse-agonist 4-hydroxytamoxifen112; 113. Several of the analogues were found to be 

agonists for PXR and one or more CAR isoform (4,4-BPF, BPAF, BPB, BPE, BPZ, TMBPA)114; 

115, which was consistent with the results from Tox21 that indicated these and BPC to be agonists 

and BPZ and BPAF to be CAR antagonists. However, some of these findings were not repeated 

with endogenously expressed receptors116; 117. TMBPA, BPAF, BPC BPB, were found to be GR 

antagonists in Tox21. Though there was relatively little information on GR activity in the 

published literature it appeared that 4,4-BPF competitively bound GR but BPP and BPS did 

not118; 119. 4,4-BPF, BPB, BPE, and BPZ did not bind RARγ, nor did they or BPAF, BPAP, BPC, 

and BPS bind RORγ120; 121. In contrast, in the Tox21 analysis, BPAF, BPC, BPB, TGSA were 

identified as RORγ antagonists.  

Acute Toxicity and DNA Damage 

Acute oral and dermal toxicity studies reported the lethality in 50% of the exposed animals 

(LD50) following a single exposure. The studies identified from the database search all appeared 

to be company documents submitted to US EPA and contained very few study details73; 122-124. 

Of these studies, BPC had the lowest LD50 of 25 mg/kg in orally exposed mice. The oral LD50 

for BPAF, 2,4-BPS, and BPS ranged from 3,600 to >7,000 mg/kg. Several studies of acute oral 

and dermal toxicity for BPS, Pergafast 201, BDP and BPS-MAE were also identified in the 

ECHA database where the LD50 was in the rage of 1,600 to >5,000 mg/kg. 

In vitro analyses of DNA damage and toxicity were identified in the published literature as well 

as in the ECHA database and included (a) Ames test, (b) CHO/HGPRT mutation assay, 
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(c) chromosomal aberration assays, (d) Comet assay, (e) micronucleus assay, (f) cellular 

proliferation, (g) cell transformation assay, and (h) expression of p53 or γH2AX (Figure A-20). 

The tests use different cell types, different methods with or without metabolic activation, and not 

all reported if concurrent cytotoxicity was an issue. As noted in the figure, a large number of the 

studies found some increase in genotoxicity compared to vehicle treatment conditions. There 

were also some decreases in measures of genotoxicity that could not always be explained by 

increases in cytotoxicity. 4,4-BPF was the most studied (Table 5) with increases in genotoxicity 

noted in the Ames assay with and without metabolic activation and in cell transformation studies. 

Similar results were also observed with BPAF, but more consistent results were observed for 

increased chromosomal aberration. Genotoxicity was consistently increased by BPC as observed 

in the cell transformation, chromosomal aberration, micronuclei assays, or the Ames assay with 

or without metabolic activation. The other analogues tested for genotoxicity (BPAP, BPB, BPE, 

BPP, BPS, BPZ, and TMBPA) either had conflicting results or there were not enough of the 

same tests to form conclusions (Figure A-20), but there was a suggestion of increased 

genotoxicity for each of these. In Tox21, BPAF and BPB induced p53 between 50 and 60 µM. In 

most cases the mitochondrial toxicity assay was the most sensitive assay for cell stress in Tox21. 

For the most part the AC50 for mitochondrial toxicity was 10 µM, except for TCBPA and 

BPAF, in which the AC50 was <5 µM. There were no indications of DNA damage or cell stress 

after BPS exposure in the Tox21 assays. 

Other Endpoints 

A handful of additional endpoints have been explored for the BPA analogues. Binding to alpha 

fetoprotein or sex hormone binding globulin has been evaluated for BPB, 4,4-PBF, and BPAF103; 

125; 126. In vitro neurotoxicity was assessed for BDP and BPAF127; 128. A few studies evaluated the 

lipid metabolism and adipogenic activity of BPS, BPB, 4,4-BPF, and BPE117; 129; 130. Along with 

various other phenolic compounds, 4,4-BPF has been extracted from the Chinese medical herb 

Gastrodia elata Blume and has been evaluated as a smooth muscle relaxant63; 131 an anti-

inflammatory132, and a platelet anti-aggregating agent133. Other miscellaneous effects explored 

include the effects of BPS on rat hearts and isolated myocytes134, inhibition of the hypoxic 

response of human hepatoma cells135, and stimulation of cells to release alkali metal cations136. 

Structural and Biological Similarity Analysis 

The analyses of BPA analogues in chemical structure and HTS space is unique because not only 

do they allow for more analogues to be directly compared to one another than in any of the 

published reports, but they can also provide a broader perspective of how similar the chemicals 

are when considered in the context of a larger chemical set such as the entire Tox21 library 

(>8,000 chemicals). 

Structural Similarity Analysis 

The structural similarity to BPA or E2 was assessed for the 25 BPA analogues that were tested in 

Tox21 (Figure 3). Two BPA analogues, D-90 and UU, were not considered in this analysis 

because they are polymers. Using chemical structural features to evaluate the relationship 

between E2 and the BPA analogues shows a clear separation between E2 and the BPA analogues 

with BPZ being the most structurally similar to E2 (i.e., had the highest Tanimoto Coefficient). 

The BPA analogues are more structurally similar to BPA, with BPB, 4,4-BPF and BPE being 
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very similar to BPA and TGSA and PHBB being most dissimilar. A complete list of Tanimoto 

similarity metrics between BPA and Tox21 library can be found in Supplemental Table 13 and 

Supplemental Table 14 (column E), posted online. 

 
Figure 3. Structural Similarity of BPA Analogues to BPA and E2 

Structural similarity of BPA analogues to (A) BPA or (B) E2. The horizontal axis is the Tanimoto coefficient (reverse scale; 

decreasing similarity left to right), a measure of similarity based on the presence or absence of structure features (Leadscope 

Enterprise v3.4) relative to the reference chemical. A larger coefficient indicates greater structural similarity. Dark circles 

indicate BPA analogues present in the Tox21 collection (note: BPPH, BPAP and BPS-MPE were only run in a limited number of 

Tox21 assays), triangles are BPA analogues absent from the collection (2,4-BPS, BPS-MAE, BPP, BPPH, DD-70, D-8, BTUM, 

MBHA, Pergafast 201, BDP), squares are BPA analogues present in the Tox21 collection, but not considered in elsewhere in this 

review (TBBPA, TCBPA, PHBB), and small circles are 8,278 non-BPA analogue chemicals from the Tox21 collection. Points 

are jittered in the vertical direction for clarity. 

Biological Similarity Analysis Based on HTS Data 

Ten BPA analogues were tested either in ToxCast Phase II or the E1K library. These chemicals 

were tested in a range of 316 to 882 different medium or high throughput assays. Analysis of 

these chemicals in ToxCast, which covers a wider biological space than Tox21, included assays 

on cell cycle disruption, DNA binding, growth factors, cell adhesion molecules, cytokines, and 

proteases that were not assessed in Tox21. The BPA analogues were listed as active in anywhere 

from 4% to 30% of tested ToxCast assays, most typically in assays for nuclear receptors, DNA 

binding, GPCR, cell cycle, and cytokines (Figure A-21). Subsequent assessments of biological 

https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
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similarity consider only the Tox21 data because more chemicals were tested in this platform. 

Figure 4 shows the half-maximal concentration (AC50) for each BPA analogue in the Tox21 

assays. The ER agonism assay was the most sensitive assay for 8 of the 13 BPA analogues tested 

in Tox21. The BPA analogues were similar to BPA in that they tended to be 100 to 10,000 fold 

weaker than E2 in stimulating ER activity. Based on evaluation of the dendogram in Figure 4, 

BPB had the most similar activity to BPA across the Tox21 assays, followed by BPC and BPAF. 

TGSA,which was not an ER agonist, had the most dissimilar activity compared to BPA, and was 

the only BPA analogue to activate the aryl hydrocarbon receptor (AhR). These findings are 

highlighted by the similarity of the ToxPI profiles for compounds within groups and the 

difference in ToxPI profiles between the groups (Figure 4). 

The biological activity of the 13 BPA analogues was compared to that of 14 pharmacological E2 

analogues. In thirteen assays, including two AR antagonist assays, at least half of both the BPA 

analogue and E2 analogue sets had decreasing activity (indicating antagonism or cytotoxicity). In 

three assays, including two ER agonist assays, at least half of both analogue sets had increasing 

(agonist) activity. For 10 of the Tox21 assay channels, including PPAR antagonist and aromatase 

inhibition assays, the BPA analogues set tended to have decreasing activity, while the E2 

analogue set was not consistently active. BPA analogues activated Nrf2 signaling whereas the 

pharmacological E2 analogues did not. A complete listing of results of the analysis can be found 

in Appendix A. Supplemental Materials, and Supplemental Table 10, posted online. 

Another biological similarity analysis determined the relative similarity of 13 Tox21 BPA 

analogues (including TCBPA, TBBPA, and PHBB) in Tox21 to BPA and E2 in the context of the 

entire Tox21 library (Figure 5). This was done by determining the Pearson correlation coefficient 

between E2 or BPA and the entire Tox21 library. E2 appeared to be most similar to BPB and 

TMBPA. The least similar analogues to E2 were BPPH and BPAP, neither of which were 

significantly associated with E2. Overall, the BPA analogues exhibit much greater biological 

similarity to BPA than the average chemical in the Tox21 library. Like the above analysis, BPA 

appeared to be most similar to BPB, BPC, and BPE. The least similar analogues to BPA were 

BPS, BPAP and BPPH. All analogues, even those least similar to BPA, exhibited highly 

significant association with BPA in this analysis. Supplemental Table 13 and 

Supplemental Table 14, posted online, provide a complete listing of BPA and E2 correlation 

values, respectively, for the entire Tox21 library along with confidence intervals and an 

association statistic. Note: the values in the supplementary table are listed by substance (i.e., not 

averaged by CASRN) hence the same CASRN may have multiple correlation values. 

Biological similarity of BPA analogues to BPA and E2 in context of the entire Tox21 Library. 

The horizontal axis is the Pearson Correlation Coefficient (reverse scale; decreasing similarity 

left to right), computed from Tox21 HTS Assay profiles for BPA analogues each compared to 

BPA or E2. A larger coefficient (i.e., close to 1) indicates greater biological similarity to BPA. 

Dark circles are BPA analogues, squares are BPA analogues in the Tox21 library that are not 

considered elsewhere in this review (TBBPA, TCBPA PHBB), triangles are reference chemicals, 

and small circles are 6,053 non-BPA analogues from the Tox21 collection. Points are jittered in 

the vertical direction for clarity. Some chemicals are present in the chemical library more than 

once. For these chemicals, the Pearson Correlation Coefficients were averaged to acquire a 

single correlation value per CASRN identifier pair. No BPA analogues were negatively 

correlated. BPPH, BPAP and BPS-MPE were included in the Tox21 library, however they were 

only screened in a limited number of assays and are therefore not included in the analysis.

https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
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Figure 4. Biological Similarity Analyses in Tox21 

Biological similarity of BPA analogues evaluated in Tox21 HTS library. Plot and ToxPI depiction of selected assays based on half maximal concentrations (AC50). The 24 assays 

in which one or more BPA analogue was active are each represented by a different symbol in the plot. Chemicals are sorted on the x-axis based on their activity similarity. The 
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dendogram beneath the scatterplot displays the Euclidean distance based on respective activities and a hierarchical clustering with average linkage. Raw data are available in 

Supplemental Table 8, posted online. In the ToxPI depiction of biological similarity the height of the pie slice for each assay category indicates how active that chemical is for that 

type of assay (i.e., –log(AC50)) relative to the most potent chemical-assay pair within the library (i.e., dioxin and AhR agonism). The dendogram was generated based on biological 

similarity across the assays shown. Abbreviations are as follows: Nuclear factor erythroid 2-related factor 2 (Nrf2), estrogen receptor (ER), androgen receptor (AR), farnesoid X 

receptor (Fxr), Aryl hydrocarbon receptor (AhR), peroxisome proliferator-activated receptor (PPAR), thyroid receptor (TR), glucocorticoid receptor (GR), constitutive androstane 

receptor (CAR), retinoid-related orphan receptor (ROR), retinol signaling pathway (RSP).

https://doi.org/10.22427/NTP-DATA-4
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Figure 5. Biological Similarity of BPA Analogues to E2 and BPA in Context of the Entire Tox21 

Library  

Integrated Chemical and Biological Similarity 

In vitro assay results such as those from Tox21 and chemical structure can provide 

complementary information on the biological effects of chemicals. We present in Figure 6 a plot 

that integrates the biological (from Figure 5) and chemical structure similarity (from Figure 3) of 

the BPA analogues relative to E2 and BPA. This was done in the context of the chemicals from 

the Tox21 library, hence several of the analogues were not included, due to lack of or limited 

HTS data (2,4-BPS, BPPH, BPS-MAE, BPP, DD-70, BPS-MPE, D8, BPAP, BTUM, MBHA, 

Pergafast 201, and BDP) or lack of both HTS and structure information (D-90, UU). Chemicals 

shown at the upper right of the graph have the highest degree of combined similarity to BPA or 

E2 (Figure 6). In the case of E2, the BPA analogues tend to cluster in the middle to lower left of 

the graph, albeit still showing some distinction from the overall set of Tox21 compounds. BPAP 

is not shown on the E2 plots because its biological correlation with E2 was less than 0.25. With 

BPA, the chemicals in the upper right of the graph include BPB, BPE, BPF, BPAF, and BPC. An 

overall assessment of the analysis suggests most of the BPA analogues exhibit a relatively high 

degree of combined similarity to BPA as they are all shifted to the upper right relative compared 

to the average chemical in the Tox21 library, suggesting that most of the BPA analogues are 

likely to share biological effects with BPA. This finding is less robust with E2, although the 

association with E2 is still significant (Supplemental Table 14, posted online), therefore 

suggesting a marginal degree of similarity may exist between E2 and the BPA analogues. 

https://doi.org/10.22427/NTP-DATA-4
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Figure 6. Integrated Structural and Biological Similarity of the BPA Analogues to E2 and BPA  

Integrated structural and biological similarity of the BPA analogues to BPA or E2. Pearson correlation coefficients to BPA or E2 

of chemicals represented by multiple samples in the chemical library were averaged to acquire a single correlation value per 

CASRN identifier pair. BPA analogues that were not included in the Tox21 library could not be included in the graph because 

biological similarity could not be determined. Dark circles are BPA analogues, squares are BPA analogues in the Tox21 library 

that are not considered elsewhere in this review (TBBPA, TCBPA PHBB), triangles are reference chemicals, and small circles 

are 6,053 non-BPA analogues from the Tox21 collection. BPPH, BPAP and BPS-MPE were included in the Tox21 library, 

however they were only screened in a limited number of assays and are therefore not included in the analysis. 
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Discussion 

In this review we sought to identify, synthesize and summarize the existing evidence based on 

associated health outcome or biological response for 24 BPA structural or functional analogues. 

The systematic literature search identified 166 relevant studies as well as data from the publicly 

available databases for the high throughput screening platforms Tox21 and ToxCast and the 

ECHA database. From the published literature and database searches we identified one or more 

studies for 17 of the BPA analogues and no studies for seven of the chemicals. The majority of 

the available data were in vitro (n = 130 studies), but there were also a significant amount of 

animal (n = 39 studies) and a few human studies (n = 4). The in vitro work focused largely on the 

ability of the BPA analogues to act as endocrine disrupting chemicals by binding to, activating or 

antagonizing various steroid receptors. Of the BPA analogues with one or more study available, 

there is growing evidence suggesting that most are of high concern. Eight of the 16 chemicals 

reviewed here and in the DfE received either a high or very high hazard ID in one or more 

category of human health effect or ecotoxicity (4,4-BPF, BPC, BPS, BPS-MAE, BPS-MPE, D8, 

Pergafast 201, and TGSA), indicating that these chemicals are of high concern15. However, these 

conclusions were not always based on empirical, publicly available data. The current review 

adds additional information and makes greater use of available in vitro data by presenting the 

biological and chemical similarities of the BPA analogues. When considered together, these data 

highlight that BPAF, BPAP, BPB, BPE, BPP, BPZ, and TMBPA are also of concern given their 

ability to affect endocrine related endpoints at concentrations below 1 µM. For the remaining 

BPA analogues, there is an overall lack of empirical evidence from which to draw conclusions. 

In some cases, the hazard classifications seem to range from low to moderate (UU, D-90) based 

on confidential studies submitted to US EPA15. For others (BPPH, 2,4-BPS, DD-70, MBHA, 

BTUM) there are estimates of high ecotoxicity hazard but empirical evidence is lacking15. 

Importantly, a lack of evidence does not indicate a lack of effect, rather it indicates that more 

research is needed to fully characterize the biological activity of the data poor BPA analogues. 

Data Gaps and Research Needs  

For some BPA analogues (4,4-BPF, BPAF, BPAP, BPB, BPC, BPE, BPP, BPPH, BPS, BPZ, 

Pergafast 201, TMBPA) there is sufficient evidence to suggest the potential for endocrine 

disruption. Despite this, we noted several limitations to the evidence base: 

• Some chemicals are very data poor. For seven chemicals (BPS-MPE, BTUM, D-90, 

DD-70, MBHA, TGSA, UU) there were no studies either in the published literature or 

publicly available databases. Only 10 of the 24 chemicals were investigated in three 

or more studies. 

• While not the focus of this review, it is apparent that there is a need for more 

exposure assessment. This information would help prioritize which data poor 

chemicals should be assessed in additional toxicological testing. As it is, the lack of 

exposure information makes it difficult to prioritize the data poor chemicals for 

subsequent testing, even when there is concern for potential hazard. 

• For three chemicals (BPS-MAE, BDP, and Pergafast 201), the majority of available 

data was found in the ECHA database. While most of the studies included in the 

ECHA database are conducted according to guideline study procedures, the reports in 
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the ECHA database are generally lacking in presentation of study details, including 

methods and effect sizes. 

• Risk of bias was assessed for the animal studies identified from the published 

literature (Figure A-22) and from the ECHA database (Figure A-23). Overall there 

was a general lack of reporting of key study features including randomization to study 

groups, allocation concealment, and blinding research personnel throughout the study 

and at outcome assessment. Future studies should include appropriate considerations 

in study design, conduct, and reporting in order to minimize bias for the exposure and 

outcomes considered. At a minimum, studies should include randomization of 

treatment and blinding of outcome assessors. 

• It is important to fully characterize the nature of the dose response of each chemical 

on the various biological endpoints. The majority of in vitro and in vivo studies 

utilized more than one dose of the chemicals. The exception, however, was the 

assessment of gene expression which was most often performed with only a single 

treatment level. For a few chemicals, the only evidence for a given effect is based on 

a test of a single dose (e.g., MCF7 cell proliferation after treatment with BPP or 

BPZ). We strongly encourage researchers to perform a full dose response for all main 

effects tested in research studies. In this regard, since many of the endpoints 

examined pertain to disruption of the endocrine system, it is important that 

researchers be aware of the possibility for non-monotonic response curves and 

include low, environmentally relevant doses. 

• Along similar lines, it was not always clear from some of the in vitro studies exactly 

what doses were tested. In some instances, only an AC50 was presented with no 

indication of the range of doses tested [e.g., Zhang et al.137] In other instances, results 

were presented qualitatively (+ or – activity) [e.g., Kolle et al.138] or relative to a 

positive control [e.g., Coleman et al.139], which makes comparison of results across 

studies difficult. Characterization with and without metabolic activation was 

primarily only evident in studies of genotoxicity. While some in vitro studies utilized 

cell lines that display limited metabolic competency, others did not. Given how 

metabolism can dramatically alter the activity of these and similar chemicals, future 

research would benefit from further exploring this question. 

Limitations of the Review 

This review used a systematic review methodology to search for and extract the available data 

for 24 BPA analogues as of March 2015. As stated in the objectives, the aim of this review was 

to extract and compile all of the available evidence for this set of chemicals. Given the number of 

chemicals investigated, the diversity of the various biological effects that were reported, and the 

lack of an available tool for assessing risk of bias of in vitro studies, providing evidence 

synthesis conclusions was not an aim of this review. Rather, this review has highlighted the 

extent and nature or dearth of information available for these 24 BPA analogues. While this 

review was being conducted, BPA structural and functional analogues have continued to receive 

much needed research attention. Therefore, a further limitation of this review is the difficulty in 

incorporating the rapidly growing literature in this field. As such, we are aware of several more 

recent studies that have not been included in this data synthesis [for example Kataria et al.140; 

Catanese and Vandenberg141; Wang et al.142; Chen et al.143]. 



Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

32 

Summary 

Our results add to a growing literature indicating that risk characterizations of BPA need to 

expand and should begin to consider BPA structural and functional analogues144. This is 

especially important given that the evidence presented in the current review highlights that many 

of the BPA analogues are active at concentrations similar to or lower than BPA. Given that many 

of the BPA analogues are already known to be in use (because they are found in consumer 

products, house dust, or in biomonitoring specimens), it is important that we increase our 

knowledge about their potential biological activities. We hope that this systematic review of the 

literature can serve as a starting point for considering the class of BPA analogues more broadly. 

It is our hope that future analyses can integrate information from data-rich chemicals such as 

BPA, BPAF, and BPS to inform scientists about the predicted biological activity of the data poor 

analogues and thereby avoid situations of regrettable substitution.  



Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

33 

References 

1. European Food Safety Authority (EFSA). Public consultation on the draft opinion on 

bisphenol A (BPA) – exposure assessment. Parma, Italy: European Food Safety Authority; 2013. 

https://www.efsa.europa.eu/en/consultations/call/130724 [Accessed: 8/23/13] 

2. Food and Agriculture Organization and World Health Organization (FAO/WHO). 2011. Joint 

Food and Agriculture Organization of the United Nations and World Health Organization 

(FAO/WHO) expert meeting to review toxicological and health aspects of bisphenol A: Final 

report, including report of stakeholder meeting on bisphenol A, 1-5 November 2010. Ottawa, 

Canada: Food and Agriculture Organization of the United Nations and World Health 

Organization. http://apps.who.int/iris/bitstream/10665/44624/1/97892141564274_eng.pdf.  

3. National Toxicology Program (NTP). 2008. NTP-CERHR monograph on the potential human 

reproductive and developmental effects of bisphenol A. RTP, NC: National Toxicology 

Program/CERHR. https://ntp.niehs.nih.gov/ntp/ohat/bisphenol/bisphenol.pdf.  

4. Östberg T, Noaksson E. Bisfenol A in svenska kvitton: analysresultat. Ösavagen, Sweden: 

Institutet för Tillämoa Grön Kemi; 2010.  

5. Ye X, Bishop AM, Reidy JA, Needham LL, Calafat AM. Parabens as urinary biomarkers of 

exposure in humans. Environ Health Perspect. 2006; 114(12). http://dx.doi.org/10.1289/ehp.9413 

6. Rochester JR. Bisphenol A and human health: a review of the literature. Reprod Toxicol. 

2013; 42:132-155. http://dx.doi.org/10.1016/j.reprotox.2013.08.008 

7. vom Saal FS, Akingbemi BT, Belcher SM, Birnbaum LS, Crain DA, Eriksen M, Farabollini F, 

Guillette LJ, Jr., Hauser R, Heindel JJ et al. Chapel Hill bisphenol A expert panel consensus 

statement: integration of mechanisms, effects in animals and potential to impact human health at 

current levels of exposure. Reprod Toxicol. 2007; 24(2):131-138. 

http://dx.doi.org/10.1016/j.reprotox.2007.07.005 

8. Liao C, Liu F, Alomirah H, Loi VD, Mohd MA, Moon HB, Nakata H, Kannan K. Bisphenol S 

in urine from the United States and seven Asian countries: occurrence and human exposures. 

Environ Sci Technol. 2012; 46(12):6860-6866. http://dx.doi.org/10.1021/es301334j 

9. Liao C, Kannan K. Concentrations and profiles of bisphenol A and other bisphenol analogues 

in foodstuffs from the United States and their implications for human exposure. J Agr Food 

Chem. 2013; 61(19):4655-4662. http://dx.doi.org/10.1021/jf400445n 

10. Liao C, Liu F, Guo Y, Moon HB, Nakata H, Wu Q, Kannan K. Occurrence of eight 

bisphenol analogues in indoor dust from the United States and several Asian countries: 

implications for human exposure. Environ Sci Technol. 2012; 46(16):9138-9145. 

http://dx.doi.org/10.1021/es302004w 

11. Liao C, Liu F, Moon HB, Yamashita N, Yun S, Kannan K. Bisphenol analogues in sediments 

from industrialized areas in the United States, Japan, and Korea: spatial and temporal 

distributions. Environ Sci Technol. 2012; 46(21):11558-11565. 

http://dx.doi.org/10.1021/es303191g 

https://www.efsa.europa.eu/en/consultations/call/130724
http://apps.who.int/iris/bitstream/10665/44624/1/97892141564274_eng.pdf
https://ntp.niehs.nih.gov/ntp/ohat/bisphenol/bisphenol.pdf
http://dx.doi.org/10.1289/ehp.9413
http://dx.doi.org/10.1016/j.reprotox.2013.08.008
http://dx.doi.org/10.1016/j.reprotox.2007.07.005
http://dx.doi.org/10.1021/es301334j
http://dx.doi.org/10.1021/jf400445n
http://dx.doi.org/10.1021/es302004w
http://dx.doi.org/10.1021/es303191g


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

34 

12. Liao C, Liu F, Kannan K. Bisphenol S, a new bisphenol analogue, in paper products and 

currency bills and its association with bisphenol A residues. Environ Sci Technol. 2012; 

46(12):6515-6522. http://dx.doi.org/10.1021/es300876n 

13. Becerra V, Odermatt J. Detection and quantification of traces of bisphenol A and bisphenol S 

in paper samples using analytical pyrolysis-GC/MS. The Analyst. 2012; 137(9):2250-2259. 

http://dx.doi.org/10.1039/c2an15961a 

14. Becerra V, Odermatt J. Interferences in the direct quantification of bisphenol S in paper by 

means of thermochemolysis. J Chromatogr A. 2013; 1275:70-77. 

http://dx.doi.org/10.1016/j.chroma.2012.12.034 

15. United States Environmental Protection Agency (US EPA). Bisphenol A alternatives in 

thermal paper (Final Report January 2014). U.S. Environmental Protection Agency; 2014. 

https://www.epa.gov/sites/production/files/2014-05/documents/bpa_final.pdf [Accessed: 

3/31/14] 

16. Zhou F, Zhang L, Liu A, Shen Y, Yuan J, Yu X, Feng X, Xu Q, Cheng C. Measurement of 

phenolic environmental estrogens in human urine samples by HPLC-MS/MS and primary 

discussion the possible linkage with uterine leiomyoma. J Chromatogr B. 2013; 938:80-85. 

http://dx.doi.org/10.1016/j.jchromb.2013.08.032 

17. Zhou X, Kramer JP, Calafat AM, Ye X. Automated on-line column-switching high 

performance liquid chromatography isotope dilution tandem mass spectrometry method for the 

quantification of bisphenol A, bisphenol F, bisphenol S, and 11 other phenols in urine. J 

Chromatogr B. 2014; 944:152-156. http://dx.doi.org/10.1016/j.jchromb.2013.11.009 

18. Cacho JI, Campillo N, Vinas P, Hernandez-Cordoba M. Stir bar sorptive extraction coupled 

to gas chromatography-mass spectrometry for the determination of bisphenols in canned 

beverages and filling liquids of canned vegetables. J Chromatogr A. 2012; 1247:146-153. 

http://dx.doi.org/10.1016/j.chroma.2012.05.064 

19. Grumetto L, Gennari O, Montesano D, Ferracane R, Ritieni A, Albrizio S, Barbato F. 

Determination five bisphenols in commercial milk samples by liquid chromatography couple to 

fluorescence detection. J Food Prot. 2013; 76(9):1590-1596. http://dx.doi.org/10.4315/0362-

028X.JFP-13-054 

20. Cacho JI, Campillo N, Vinas P, Hernandez-Cordoba M. Stir bar sorptive extraction with EG-

Silicone coating for bisphenols determination in personal care products by GC-MS. J Pharm 

Biomed Anal. 2013; 78-79:255-260. http://dx.doi.org/10.1016/j.jpba.2013.02.023 

21. Song S, Song M, Zeng L, Wang T, Liu R, Ruan T, Jiang G. Occurrence and profiles of 

bisphenol analogues in municipal sewage sludge in China. Environ Pollut. 2014; 186:14-19. 

http://dx.doi.org/10.1016/j.envpol.2013.11.023 

22. Cunha SC, Almeida C, Mendes E, Fernandes JO. Simultaneous determination of bisphenol A 

and bisphenol B in beverages and powdered infant formula by dispersive liquid-liquid micro-

extraction and heart-cutting multidimensional gas chromatography-mass spectrometry. Food 

Addit Contam A. 2011; 28(4):513-526. http://dx.doi.org/10.1080/19440049.2010.542551 

http://dx.doi.org/10.1021/es300876n
http://dx.doi.org/10.1039/c2an15961a
http://dx.doi.org/10.1016/j.chroma.2012.12.034
https://www.epa.gov/sites/production/files/2014-05/documents/bpa_final.pdf
http://dx.doi.org/10.1016/j.jchromb.2013.08.032
http://dx.doi.org/10.1016/j.jchromb.2013.11.009
http://dx.doi.org/10.1016/j.chroma.2012.05.064
http://dx.doi.org/10.4315/0362-028X.JFP-13-054
http://dx.doi.org/10.4315/0362-028X.JFP-13-054
http://dx.doi.org/10.1016/j.jpba.2013.02.023
http://dx.doi.org/10.1016/j.envpol.2013.11.023
http://dx.doi.org/10.1080/19440049.2010.542551


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

35 

23. Cunha SC, Cunha C, Ferreira AR, Fernandes JO. Determination of bisphenol A and 

bisphenol B in canned seafood combining QuEChERS extraction with dispersive liquid-liquid 

microextraction followed by gas chromatography-mass spectrometry. Anal Bioanal Chem. 2012; 

404(8):2453-2463. http://dx.doi.org/10.1007/s00216-012-6389-5 

24. Cunha SC, Fernandes JO. Assessment of bisphenol A and bisphenol B in canned vegetables 

and fruits by gas chromatography–mass spectrometry after QuEChERS and dispersive liquid–

liquid microextraction. Food Control. 2013; 33(2):549-555. 

http://dx.doi.org/10.1016/j.foodcont.2013.03.028 

25. Grumetto L, Montesano D, Seccia S, Albrizio S, Barbato F. Determination of bisphenol a 

and bisphenol B residues in canned peeled tomatoes by reversed-phase liquid chromatography. J 

Agric Food Chem. 2008; 56(22):10633-10637. http://dx.doi.org/10.1021/jf802297z 

26. Cobellis L, Colacurci N, Trabucco E, Carpentiero C, Grumetto L. Measurement of bisphenol 

A and bisphenol B levels in human blood sera from healthy and endometriotic women. Biomed 

Chromatogr. 2009; 23(11):1186-1190. http://dx.doi.org/10.1002/bmc.1241 

27. Cobellis L, Panariello A, Campitiello MR, Nocerino A, Pacilio C, Salzillo ME, Castaldi MA, 

Boccia O, Borrelli A. [Relationship between endometriosis and exposure to BPA and BPB]. 

Giorn It Ost Gin. 2010; 32(1):44-48.  

28. Cunha SC, Fernandes JO. Quantification of free and total bisphenol A and bisphenol B in 

human urine by dispersive liquid-liquid microextraction (DLLME) and heart-cutting 

multidimensional gas chromatography-mass spectrometry (MD-GC/MS). Talanta. 2010; 

83(1):117-125. http://dx.doi.org/10.1016/j.talanta.2010.08.048 

29. Thayer KA, Taylor KW, Garantziotis S, Schurman S, Kissling GE, Hunt D, Herbert B, 

Church R, Jankowich R, Churchwell MI et al. Bisphenol A, Bisphenol S, and 4-Hydroxyphenyl 

4-Isoprooxyphenylsulfone (BPSIP) in Urine and Blood of Cashiers. Environ Health Persp. 2015. 

http://dx.doi.org/10.1289/ehp.1409427 

30. Bruze M, Persson L, Trulsson L, Zimerson E. Demonstration of contact sensitizers in resins 

and products based on phenol-formaldehyde. Contact Dermatitis. 1986; 14(3):146-154. 

http://dx.doi.org/10.1111/j.1600-0536.1986.tb01194.x 

31. Kruse J, Dolgner K, Greve H, Zaporojtchenko V, Faupel F. Dispersion of gold nanoclusters 

in TMBPA-polycarbonate by a combination of thermal embedding and vapour-induced 

crystallization. J Phys D Appl Phys. 2006; 39(23):5086. http://dx.doi.org/10.1088/0022-

3727/39/23/028 

32. Liao C, Kannan K. A survey of bisphenol A and other bisphenol analogues in foodstuffs 

from nine cities in China. Food Addit Contam A. 2014; 31(2):319-329. 

http://dx.doi.org/10.1080/19440049.2013.868611 

33. Voordeckers JW, Fennell DE, Jones K, Haggblom MM. Anaerobic biotransformation of 

tetrabromobisphenol A, tetrachlorobisphenol A, and bisphenol A in estuarine sediments. Environ 

Sci Technol. 2002; 36(4):696-701. http://dx.doi.org/10.1021/es011081h 

http://dx.doi.org/10.1007/s00216-012-6389-5
http://dx.doi.org/10.1016/j.foodcont.2013.03.028
http://dx.doi.org/10.1021/jf802297z
http://dx.doi.org/10.1002/bmc.1241
http://dx.doi.org/10.1016/j.talanta.2010.08.048
http://dx.doi.org/10.1289/ehp.1409427
http://dx.doi.org/10.1111/j.1600-0536.1986.tb01194.x
http://dx.doi.org/10.1088/0022-3727/39/23/028
http://dx.doi.org/10.1088/0022-3727/39/23/028
http://dx.doi.org/10.1080/19440049.2013.868611
http://dx.doi.org/10.1021/es011081h


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

36 

34. National Toxicology Program (NTP). 2013. Draft summary of endocrine disruption literature 

for bisphenol A analogs and derivatives supporting nomination for toxicological evaluation by 

the National Toxicology Program. RTP, NC: National Toxicology Program.  

35. Finnish Institute of Occupational Health (FIOH). 2014. Bisphenol A exposure in Finnish 

workplaces. Finish Institute of Occupational Health. 

http://www.ttl.fi/fi/verkkokirjat/Sivut/Bisfenoli.aspx  

36. Food and Drug Administration (FDA). Indirect Food Additives: Polymers. Final Rule. 2012. 

77 FR 41899. https://www.govinfo.gov/content/pkg/fr-2012-07-17/html/2012-17366.Htm 

[Accessed: 25 July 2013] 

37. Food and Drug Administration (FDA). Indirect Food Additives: Adhesives and Components 

of Coatings. Final Rule. 2013. 78 FR 41840 

https://www.federalregister.gov/documents/2013/07/12/2013-16684/indirect-food-additives-

adhesives-and-components-of-coatings [Accessed: 25 July 2013] 

38. Rochester JR, Bolden AL. Bisphenol S and F: a systematic review and comparison of the 

hormonal activity of bisphenol A substitutes. Environ Health Persp. 2015; 123(7):643-650. 

http://dx.doi.org/10.1289/ehp.1408989 

39. National Toxicology Program (NTP). 2014. Literature Review of Bisphenol A (BPA) 

Analogues. RTP, NC: National Toxicology Program. https://doi.org/10.22427/NTP-DATA-RR-4 

40. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic 

reviews and meta-analyses: The PRISMA statement. J Clin Epidemiol. 2009; 62(10):1006-1012. 

http://dx.doi.org/10.1016/j.jclinepi.2009.06.005 

41. Rooney AA, Boyles AL, Wolfe MS, Bucher JR, Thayer KA. Systematic review and evidence 

integration for literature-based environmental health science assessments. Environ Health Persp. 

2014; 122(7):711-718. http://dx.doi/10.1289/ehp.1307972 

42. Higgins JP, Green S. Cochrane handbook for systematic reviews of interventions. West 

Sussex, England: John Wiley & Sons; 2011.  

43. AHRQ training modules for the systematic reviews methods guide. U.S. Department of 

Health and Human Services; 2014. [Accessed: 10/11/13] 

http://www.effectivehealthcare.ahrq.gov/index.cfm/tools-and-resources/slide-library/.  

44. ICF. From systematic review to sssessment development: managing big (and small) datasets 

with DRAGON. ICF International; 2013. https://www.icf.com/solutions-and-apps/dragon-dose-

response  

45. ICF. DRAGON: An online tool for systematic review. ICF International; 2016. 

https://www.icf.com/technology/dragon [Accessed: 12/1/2016] 

46. Rohatgi A. WebPlotDigitizer. 2015. http://arohatgi.info/webplotdigitizer [Accessed: 3/30/16] 

47. Shapiro AJ. Health Assessment Workplace Collaborative. 2014. https://hawcproject.org 

[Accessed: 1/6/16] 

http://www.ttl.fi/fi/verkkokirjat/Sivut/Bisfenoli.aspx
https://www.govinfo.gov/content/pkg/fr-2012-07-17/html/2012-17366.Htm
https://www.federalregister.gov/documents/2013/07/12/2013-16684/indirect-food-additives-adhesives-and-components-of-coatings
https://www.federalregister.gov/documents/2013/07/12/2013-16684/indirect-food-additives-adhesives-and-components-of-coatings
http://dx.doi.org/10.1289/ehp.1408989
https://doi.org/10.22427/NTP-DATA-RR-4
http://dx.doi.org/10.1016/j.jclinepi.2009.06.005
http://dx.doi/10.1289/ehp.1307972
http://www.effectivehealthcare.ahrq.gov/index.cfm/tools-and-resources/slide-library/
https://www.icf.com/solutions-and-apps/dragon-dose-response
https://www.icf.com/solutions-and-apps/dragon-dose-response
https://www.icf.com/technology/dragon
http://arohatgi.info/webplotdigitizer
https://hawcproject.org/


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

37 

48. National Toxicology Program (NTP). 2015. OHAT risk of bias tool. RTP, NC: Office of 

Health Assessment and Translation (OHAT), National Toxicology Program. 

http://ntp.niehs.nih.gov/go/38673.  

49. United States Environmental Protection Agency (US EPA). Distributed structure-searchable 

toxicity (DSSTox) database. United States Environmental Protection Agency; 2015. 

https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database 

[Accessed: 11/1/15] 

50. Tice RR, Austin CP, R.J. K, Bucher JR. Improving the human hazard characterization of 

chemicals: A Tox21 update. Environ Health Persp. 2013; 121:756-765 

http://dx.doi.org/10.1289/ehp.1205784 

51. Kavlock R, Chandler K, Houck K, Hunter S, Judson R, Kleinstreuer N, Knudsen T, Martin 

M, Padilla S, Reif D et al. Update on EPA's ToxCast program: providing high throughput 

decision support tools for chemical risk management. Chem Res Toxicol. 2012; 25(7):1287-

1302. http://dx.doi.org/10.1021/tx3000939 

52. United States Environmental Protection Agency (US EPA). Endocrine disruptor screening 

program for the 21st century: (EDSP21 work plan). Washington, DC: United States 

Environmental Protection Agency; 2011. https://www.epa.gov/sites/production/files/2015-

07/documents/edsp21_work_plan_summary_overview_final.pdf  

53. Hsieh JH, Sedykh A, Huang R, Xia M, Tice RR. A data analysis pipeline accounting for 

artifacts in Tox21 quantitative high-throughput screening assays. J Biomol Screen. 2015; 

20(7):887-897. http://dx.doi.org/10.1177/1087057115581317 

54. Reif DM, Sypa M, Lock EF, Wright FA, Wilson A, Cathey T, Judson RR, Rusyn I. ToxPi 

GUI: an interactive visualization tool for transparent integration of data from diverse sources of 

evidence. Bioinformatics. 2013; 29(3):402-403. http://dx.doi.org/10.1093/bioinformatics/bts686 

55. Zhang SS, Liu Y, Liu SS, Zhu XW. [Detecting the cytotoxicities of five bisphenol A 

analogues to the MCF-7 human breast carcinoma cell line through different endpoints]. Huan 

Jing Ke Xue. 2012; 33(11):3935-3940.  

56. Muroi T, Matsuzawa M, Kurata S. Relationship between the molecular structures and 

estrogenic activity of bisphenol A and its chemical analogs. Kanagawa Shigaku. 2003; 38(2-

3):77-91.  

57. Zhang HC, Chen LY, Liu SS, Yin DQ. [Jointed estrogenic activities of bisphenol A and three 

of its analogs]. Huan Jing Ke Xue. 2009; 30(1):260-265.  

58. Wang L, Yi Z-S, Li L-C, Liu H-Y, Mo L-Y, Zhang A-Q. [CoMSIA study of estrogen 

compounds binding to estrogen receptor beta based on docking]. Guilin Li Gong Da Xue Xue 

Bao. 2010; 30(4):625-631.  

59. Xiao Q, Wang X, Wang L. Studies on quantitative structure--Genotoxicity of substituted 

benzenes on the human lymphocyte. Zhongguo Huanjing Kexue. 2004; 25(1):18-22.  

60. Yoo I-K, Choe W-S. Screening of peptide sequences with affinity to bisphenol A by 

biopanning. Korean J Microbiol. 2013; 49(2):211-214. http://dx.doi.org/10.7845/kjm.2013.3039 

http://ntp.niehs.nih.gov/go/38673
https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
http://dx.doi.org/10.1289/ehp.1205784
http://dx.doi.org/10.1021/tx3000939
https://www.epa.gov/sites/production/files/2015-07/documents/edsp21_work_plan_summary_overview_final.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/edsp21_work_plan_summary_overview_final.pdf
http://dx.doi.org/10.1177/1087057115581317
http://dx.doi.org/10.1093/bioinformatics/bts686
http://dx.doi.org/10.7845/kjm.2013.3039


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

38 

61. Li Y, Hu S-Q, Yin D-Q. Primary screening and evaluation of endocrine disrupting activities 

of eleven substituted phenols. Environ Chem-Beijing. 2003; 22(4):385-389.  

62. Asano K, Ono A, Hashimoto S, Inoue T, Kanno J. Screening method of endocrine disrupting 

chemicals using a surface plasmon resonance sensor. Bunseki Kagaku. 2002; 51(6):389-396. 

http://dx.doi.org/10.2116/bunsekikagaku.51.389 

63. Zhang W-M, Yang L, Li X-F, Lin Q, Li G-H, Wei W-B. Screening of active compounds 

from Gastrodia elata Blume for vascular smooth muscle relaxation. Chin J Exp Tradit Med 

Formul. 2011; 17:157-160.  

64. Hayakawa R, Matsunaga K, Takeuchi Y, Tatsumi H, Masamoto Y. Occupational contact 

dermatitis from bisphenol F. Skin Res. 1985; 27(3):494-500. 

https://doi.org/10.11340/skinresearch1959.27.494 

65. Bruze M, Zimerson E. Contact allergy to dihydroxydiphenyl methanes (bisphenol F). Derm 

Beruf Umwelt. 1985; 33(6):216-220.  

66. Jelen G, Cavelier C, Protois JP, Foussereau J. A new allergen responsible for shoe allergy 

chloroacetamide. Contact Dermatitis. 1989; 21(2):110-111. http://dx.doi.org/10.1111/j.1600-

0536.1989.tb04709.x 

67. Shmidt E, Farmer SA, Davis MD. Patch-testing with plastics and glues series allergens. 

Dermatitis. 2010; 21(5):269-274.  

68. Furr JR, Lambright CS, Wilson VS, Foster PM, Gray LE, Jr. A short-term in vivo screen 

using fetal testosterone production, a key event in the phthalate adverse outcome pathway, to 

predict disruption of sexual differentiation. Toxicol Sci. 2014; 140(2):403-424. 

http://dx.doi.org/10.1093/toxsci/kfu081 

69. Higashihara N, Shiraishi K, Miyata K, Oshima Y, Minobe Y, Yamasaki K. Subacute oral 

toxicity study of bisphenol F based on the draft protocol for the "Enhanced OECD Test 

Guideline no. 407". Arch Toxicol. 2007; 81(12):825-832. http://dx.doi.org/10.1007/s00204-007-

0223-4 

70. Umano T, Tanaka R, Yamasaki K. Endocrine-mediated effects of 4,4'-

(hexafluoroisopropylidene)diphenol in SD rats, based on a subacute oral toxicity study. Arch 

Toxicol. 2012; 86(1):151-157. http://dx.doi.org/10.1007/s00204-011-0731-0 

71. Feng Y, Yin J, Jiao Z, Shi J, Li M, Shao B. Bisphenol AF may cause testosterone reduction 

by directly affecting testis function in adult male rats. Toxicol Lett. 2012; 211(2):201-209. 

http://dx.doi.org/10.1016/j.toxlet.2012.03.802 

72. Yamasaki K, Okuda H. Comparison of endocrine-mediated effects of two bisphenol A 

related compounds, 2,2-bis(4-cyanatophyenyl)propane and 4,4'-cyclohexylidenebisphenol, based 

on subacute oral toxicity studies using rats. Toxicol Lett. 2012; 208(2):162-167. 

http://dx.doi.org/10.1016/j.toxlet.2011.11.001 

73. Eastman Kodak. Letter concerning enclosed information on bisphenol S with attachments. 

Rochester, NY: Eastman Kodak Company. 1991.  

http://dx.doi.org/10.2116/bunsekikagaku.51.389
https://doi.org/10.11340/skinresearch1959.27.494
http://dx.doi.org/10.1111/j.1600-0536.1989.tb04709.x
http://dx.doi.org/10.1111/j.1600-0536.1989.tb04709.x
http://dx.doi.org/10.1093/toxsci/kfu081
http://dx.doi.org/10.1007/s00204-007-0223-4
http://dx.doi.org/10.1007/s00204-007-0223-4
http://dx.doi.org/10.1007/s00204-011-0731-0
http://dx.doi.org/10.1016/j.toxlet.2012.03.802
http://dx.doi.org/10.1016/j.toxlet.2011.11.001


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

39 

74. European Chemicals Agency (ECHA). Exp Key Repeated dose toxicity: oral.002. European 

Chemicals Agency; 2010. http://echa.europa.eu/registration-dossier/-/registered-

dossier/5460/7/6/2/?documentUUID=c0770bc7-80bf-4c24-b95d-5e31c8e4458814228 

[Accessed: 3/29/16] 

75. European Chemicals Agency (ECHA). Exp Key Repeated dose toxicity: oral.003. European 

Chemicals Agency; 1997. http://echa.europa.eu/registration-dossier/-/registered-

dossier/5460/7/6/2/?documentUUID=a8856985-28ab-4914-bb7e-0faf31efad6e [Accessed: 

3/29/16] 

76. European Chemicals Agency (ECHA). Exp Key Repeated dose toxicity: oral.001. European 

Chemicals Agency; 2003. http://echa.europa.eu/registration-dossier/-/registered-

dossier/13018/7/6/2/?documentUUID=cb7e9a3f-f61c-4195-8769-23a42c22313f [Accessed: 

3/31/16] 

77. Tohme M, Prud'homme SM, Boulahtouf A, Samarut E, Brunet F, Bernard L, Bourguet W, 

Gibert Y, Balaguer P, Laudet V. Estrogen-related receptor gamma is an in vivo receptor of 

bisphenol A. Faseb J. 2014; 28(7):3124-3133. http://dx.doi.org/10.1096/fj.13-240465 

78. Shi J, Jiao Z, Zheng S, Li M, Zhang J, Feng Y, Yin J, Shao B. Long-term effects of 

Bisphenol AF (BPAF) on hormonal balance and genes of hypothalamus-pituitary-gonad axis and 

liver of zebrafish (Danio rerio), and the impact on offspring. Chemosphere. 2015; 128c:252-257. 

http://dx.doi.org/10.1016/j.chemosphere.2015.01.060 

79. Ji K, Hong S, Kho Y, Choi K. Effects of bisphenol s exposure on endocrine functions and 

reproduction of zebrafish. Environ Sci Technol. 2013; 47(15):8793-8800. 

http://dx.doi.org/10.1021/es400329t 

80. Naderi M, Wong MY, Gholami F. Developmental exposure of zebrafish (Danio rerio) to 

bisphenol-S impairs subsequent reproduction potential and hormonal balance in adults. Aquat 

Toxicol. 2014; 148:195-203. http://dx.doi.org/10.1016/j.aquatox.2014.01.009 

81. Yang X, Liu Y, Li J, Chen M, Peng D, Liang Y, Song M, Zhang J, Jiang G. Exposure to 

Bisphenol AF disrupts sex hormone levels and vitellogenin expression in zebrafish. Environ 

Toxicol. 2014. http://dx.doi.org/10.1002/tox.22043 

82. Song MY, Liang D, Liang Y, Chen MJ, Wang FB, Wang HL, Jiang GB. Assessing 

developmental toxicity and estrogenic activity of halogenated bisphenol A on zebrafish (Danio 

rerio). Chemosphere. 2014; 112:275-281. http://dx.doi.org/10.1016/j.chemosphere.2014.04.084 

83. Yamasaki K, Noda S, Imatanaka N, Yakabe Y. Comparative study of the uterotrophic 

potency of 14 chemicals in a uterotrophic assay and their receptor-binding affinity. Toxicol Lett. 

2004; 146(2):111-120. http://dx.doi.org/10.1016/j.toxlet.2003.07.003 

84. Yamasaki K, Takeyoshi M, Yakabe Y, Sawaki M, Imatanaka N, Takatsuki M. Comparison 

of reporter gene assay and immature rat uterotrophic assay of twenty-three chemicals. 

Toxicology. 2002; 170(1-2):21-30. http://dx.doi.org/10.1016/S0300-483X(01)00505-4 

http://echa.europa.eu/registration-dossier/-/registered-dossier/5460/7/6/2/?documentUUID=c0770bc7-80bf-4c24-b95d-5e31c8e4458814228
http://echa.europa.eu/registration-dossier/-/registered-dossier/5460/7/6/2/?documentUUID=c0770bc7-80bf-4c24-b95d-5e31c8e4458814228
http://echa.europa.eu/registration-dossier/-/registered-dossier/5460/7/6/2/?documentUUID=a8856985-28ab-4914-bb7e-0faf31efad6e
http://echa.europa.eu/registration-dossier/-/registered-dossier/5460/7/6/2/?documentUUID=a8856985-28ab-4914-bb7e-0faf31efad6e
http://echa.europa.eu/registration-dossier/-/registered-dossier/13018/7/6/2/?documentUUID=cb7e9a3f-f61c-4195-8769-23a42c22313f
http://echa.europa.eu/registration-dossier/-/registered-dossier/13018/7/6/2/?documentUUID=cb7e9a3f-f61c-4195-8769-23a42c22313f
http://dx.doi.org/10.1096/fj.13-240465
http://dx.doi.org/10.1016/j.chemosphere.2015.01.060
http://dx.doi.org/10.1021/es400329t
http://dx.doi.org/10.1016/j.aquatox.2014.01.009
http://dx.doi.org/10.1002/tox.22043
http://dx.doi.org/10.1016/j.chemosphere.2014.04.084
http://dx.doi.org/10.1016/j.toxlet.2003.07.003
http://dx.doi.org/10.1016/S0300-483X(01)00505-4


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

40 

85. Yamasaki K, Takeyoshi M, Sawaki M, Imatanaka N, Shinoda K, Takatsuki M. Immature rat 

uterotrophic assay of 18 chemicals and Hershberger assay of 30 chemicals. Toxicology. 2003; 

183(1-3):93-115. http://dx.doi.org/10.1016/S0300-483X(02)00445-6 

86. Akahori Y, Nakai M, Yamasaki K, Takatsuki M, Shimohigashi Y, Ohtaki M. Relationship 

between the results of in vitro receptor binding assay to human estrogen receptor α and in vivo 

uterotrophic assay: Comparative study with 65 selected chemicals. Toxicol in Vitro. 2008; 

22(1):225-231. http://dx.doi.org/10.1016/j.tiv.2007.08.004 

87. Stroheker T, Chagnon MC, Pinnert MF, Berges R, Canivenc-Lavier MC. Estrogenic effects 

of food wrap packaging xenoestrogens and flavonoids in female Wistar rats: a comparative 

study. Reprod Toxicol. 2003; 17(4):421-432. http://dx.doi.org/10.1016/S0890-6238(03)00044-3 

88. Greco AM, Marino G, Scapagnini U, Scardi V. Estrogenic activity of some simple 

compounds related to diethylstilbestrol. Arch Int Pharmacodyn Ther. 1967; 168(1):149-158.  

89. Wang S, Rijk JC, Besselink HT, Houtman R, Peijnenburg AA, Brouwer A, Rietjens IM, 

Bovee TF. Extending an in vitro panel for estrogenicity testing: the added value of bioassays for 

measuring antiandrogenic activities and effects on steroidogenesis. Toxicol Sci. 2014; 141(1):78-

89. http://dx.doi.org/10.1093/toxsci/kfu103 

90. Bitman J, Cecil HC. Estrogenic activity of DDT analogs and polychlorinated biphenyls. J 

Agr Food Chem. 1970; 18(6):1108-1112. http://dx.doi.org/10.1021/jf60172a019 

91. Campbell NR. Molecular structure in relation to oestrogenic activity: derivatives of 

4:4'dihydroxydiphenylmethane. Proc R Soc Lond. 1941; 672:528-538.  

92. Dodds EC, Lawson W. Molecular structure in relation to oestrogenic activity. Compounds 

without a phenanthrene nucleus. Proc R Soc Lond B Biol Sci. 1938; 125(839):222-232. 

http://dx.doi.org/10.1098/rspb.1938.0023 

93. Dodds E, Lawson W. Synthetic estrogenic agents without the phenanthrene nucleus. Nature. 

1936; 137(3476):996. http://dx.doi.org/10.1038/137996a0 

94. Hashimoto Y, Moriguchi Y, Oshima H, Kawaguchi M, Miyazaki K, Nakamura M. 

Measurement of estrogenic activity of chemicals for the development of new dental polymers. 

Toxicol In Vitro. 2001; 15(4-5):421-425. http://dx.doi.org/10.1016/S0887-2333(01)00046-7 

95. Kuruto-Niwa R, Nozawa R, Miyakoshi T, Shiozawa T, Terao Y. Estrogenic activity of 

alkylphenols, bisphenol S, and their chlorinated derivatives using a GFP expression system. 

Environ Toxicol Pharmacol. 2005; 19(1):121-130. http://dx.doi.org/10.1016/j.etap.2004.05.009 

96. Terasaki M, Shiraishi F, Fukazawa H, Makino M. Occurrence and estrogenicity of phenolics 

in paper-recycling process water: pollutants originating from thermal paper in waste paper. 

Environ Toxicol Chem. 2007; 26(11):2356-2366. http://dx.doi.org/10.1897/06-642R.1 

97. Goldinger DM, Demierre AL, Zoller O, Rupp H, Reinhard H, Magnin R, Becker TW, 

Bourqui-Pittet M. Endocrine activity of alternatives to BPA found in thermal paper in 

Switzerland. Regul Toxicol Pharmacol. 2015; 71(3):453-462. 

http://dx.doi.org/10.1016/j.yrtph.2015.01.002 

http://dx.doi.org/10.1016/S0300-483X(02)00445-6
http://dx.doi.org/10.1016/j.tiv.2007.08.004
http://dx.doi.org/10.1016/S0890-6238(03)00044-3
http://dx.doi.org/10.1093/toxsci/kfu103
http://dx.doi.org/10.1021/jf60172a019
http://dx.doi.org/10.1098/rspb.1938.0023
http://dx.doi.org/10.1038/137996a0
http://dx.doi.org/10.1016/S0887-2333(01)00046-7
http://dx.doi.org/10.1016/j.etap.2004.05.009
http://dx.doi.org/10.1897/06-642R.1
http://dx.doi.org/10.1016/j.yrtph.2015.01.002


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

41 

98. European Chemicals Agency (ECHA). Exp Key Repeated dose toxicity: oral.003. European 

Chemicals Agency; 2014. http://echa.europa.eu/registration-dossier/-/registered-

dossier/14986/7/6/2/?documentUUID=627d81e2-b6e0-4a92-8089-5e78906a6c59 [Accessed: 

3/28/16] 

99. European Chemicals Agency (ECHA). Exp supporting repeated dose toxicity: oral. 001. 

European Chemicals Agency; 1999. https://echa.europa.eu/it/registration-dossier/-/registered-

dossier/14986/7/6/2#sApplicantSummaryAndConclusion  

100. European Chemicals Agency (ECHA). Exp Key Repeated dose toxicity: oral.002. European 

Chemicals Agency; 2002. http://echa.europa.eu/registration-dossier/-/registered-

dossier/12390/7/6/2/?documentUUID=34800bf1-4b5a-4cf5-9efa-dc08a1cfb31b [Accessed: 

3/28/16] 

101. European Chemicals Agency (ECHA). Exp Key Repeated dose toxicity: oral.003. European 

Chemicals Agency; 2000. http://echa.europa.eu/registration-dossier/-/registered-

dossier/12390/7/6/2/?documentUUID=a6f44f03-4202-425b-80da-57af98c5607e [Accessed: 

3/28/16] 

102. Fang H, Tong W, Branham WS, Moland CL, Dial SL, Hong H, Xie Q, Perkins R, Owens 

W, Sheehan DM. Study of 202 natural, synthetic, and environmental chemicals for binding to the 

androgen receptor. Chem Res Toxicol. 2003; 16(10):1338-1358. 

http://dx.doi.org/10.1021/tx030011g 

103. Hong H, Branham WS, Ng HW, Moland CL, Dial SL, Fang H, Perkins R, Sheehan D, Tong 

W. Human sex hormone-binding globulin binding affinities of 125 structurally diverse chemicals 

and comparison with their binding to androgen receptor, estrogen receptor, and α-fetoprotein. 

Toxicol Sci. 2015; 143(2):333-348. http://dx.doi.org/10.1093/toxsci/kfu231 

104. Kitamura S, Suzuki T, Sanoh S, Kohta R, Jinno N, Sugihara K, Yoshihara S, Fujimoto N, 

Watanabe H, Ohta S. Comparative study of the endocrine-disrupting activity of bisphenol A and 

19 related compounds. Toxicol Sci. 2005; 84(2):249-259. http://dx.doi.org/10.1093/toxsci/kfi074 

105. Goto Y, Kitamura S, Kashiwagi K, Oofusa K, Tooi O, Yoshizato K, Sato J, Ohta S, 

Kashiwagi A. Suppression of amphibian metamorphosis by bisphenol a and related chemical 

substances. J Health Sci. 2006; 52(2):160-168. http://dx.doi.org/10.1248/jhs.52.160 

106. Goto K, Akiike T, Konno K, Shiba T, Patz M, Takahashi M, Inoue Y, Matsubara M. 

Thermally stable polyarylenes with low dielectric constant: direction towards the lowest limit of 

dielectrics. J Photopolym Sci Tec. 2002; 15(2):223-229. 

http://dx.doi.org/10.2494/photopolymer.15.223 

107. Kitamura S, Kato T, Iida M, Jinno N, Suzuki T, Ohta S, Fujimoto N, Hanada H, Kashiwagi 

K, Kashiwagi A. Anti-thyroid hormonal activity of tetrabromobisphenol A, a flame retardant, 

and related compounds: Affinity to the mammalian thyroid hormone receptor, and effect on 

tadpole metamorphosis. Life Sci. 2005; 76(14):1589-1601. 

http://dx.doi.org/10.1016/j.lfs.2004.08.030 

http://echa.europa.eu/registration-dossier/-/registered-dossier/14986/7/6/2/?documentUUID=627d81e2-b6e0-4a92-8089-5e78906a6c59
http://echa.europa.eu/registration-dossier/-/registered-dossier/14986/7/6/2/?documentUUID=627d81e2-b6e0-4a92-8089-5e78906a6c59
https://echa.europa.eu/it/registration-dossier/-/registered-dossier/14986/7/6/2#sApplicantSummaryAndConclusion
https://echa.europa.eu/it/registration-dossier/-/registered-dossier/14986/7/6/2#sApplicantSummaryAndConclusion
http://echa.europa.eu/registration-dossier/-/registered-dossier/12390/7/6/2/?documentUUID=34800bf1-4b5a-4cf5-9efa-dc08a1cfb31b
http://echa.europa.eu/registration-dossier/-/registered-dossier/12390/7/6/2/?documentUUID=34800bf1-4b5a-4cf5-9efa-dc08a1cfb31b
http://echa.europa.eu/registration-dossier/-/registered-dossier/12390/7/6/2/?documentUUID=a6f44f03-4202-425b-80da-57af98c5607e
http://echa.europa.eu/registration-dossier/-/registered-dossier/12390/7/6/2/?documentUUID=a6f44f03-4202-425b-80da-57af98c5607e
http://dx.doi.org/10.1021/tx030011g
http://dx.doi.org/10.1093/toxsci/kfu231
http://dx.doi.org/10.1093/toxsci/kfi074
http://dx.doi.org/10.1248/jhs.52.160
http://dx.doi.org/10.2494/photopolymer.15.223
http://dx.doi.org/10.1016/j.lfs.2004.08.030


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

42 

108. Butt CM, Stapleton HM. Inhibition of thyroid hormone sulfotransferase activity by 

brominated flame retardants and halogenated phenolics. Chem Res Toxicol. 2013; 26(11):1692-

1702. http://dx.doi.org/10.1021/tx400342k 

109. Butt CM, Wang D, Stapleton HM. Halogenated phenolic contaminants inhibit the in vitro 

activity of the thyroid-regulating deiodinases in human liver. Toxicol Sci. 2011; 124(2):339-347. 

http://dx.doi.org/10.1093/toxsci/kfr117 

110. Shiizaki K, Asai S, Ebata S, Kawanishi M, Yagi T. Establishment of yeast reporter assay 

systems to detect ligands of thyroid hormone receptors α and β. Toxicol in Vitro. 2010; 

24(2):638-644. http://dx.doi.org/10.1016/j.tiv.2009.10.001 

111. Kim H-J, Park H-Y, Kim J-A, Kang I-H, Kim T-S, Han S-Y, Kang T-S, Park K-L, Kim H-

S. Assessment of in vitro assay system for thyroid hormone disruptors using rat pituitary GH 3 

cells. Toxicol Res. 2006; 22(4):307-313.  

112. Okada H, Tokunaga T, Liu X, Takayanagi S, Matsushima A, Shimohigashi Y. Direct 

evidence revealing structural elements essential for the high binding ability of bisphenol A to 

human estrogen-related receptor-gamma. Environ Health Persp. 2007; 116(1):32-38. 

10.1289/ehp.10587 

113. Delfosse V, Grimaldi M, Pons JL, Boulahtouf A, le Maire A, Cavailles V, Labesse G, 

Bourguet W, Balaguer P. Structural and mechanistic insights into bisphenols action provide 

guidelines for risk assessment and discovery of bisphenol A substitutes. Proc Natl Acad Sci U S 

A. 2012; 109(37):14930-14935. http://dx.doi.org/10.1073/pnas.1203574109 

114. Dring AM, Anderson LE, Qamar S, Stoner MA. Rational quantitative structure-activity 

relationship (RQSAR) screen for PXR and CAR isoform-specific nuclear receptor ligands. 

Chem-Biol Interact. 2010; 188(3):512-525. http://dx.doi.org/10.1016/j.cbi.2010.09.018 

115. Sui Y, Ai N, Park SH, Rios-Pilier J, Perkins JT, Welsh WJ, Zhou C. Bisphenol A and its 

analogues activate human pregnane X receptor. Environ Health Persp. 2012; 120(3):399-405. 

http://dx.doi.org/10.1289/ehp.1104426 

116. Imai J, Yamazoe Y, Yoshinari K. Novel cell-based reporter assay system using epitope-

tagged protein for the identification of agonistic ligands of constitutive androstane receptor 

(CAR). Drug Metab Pharmacokinet. 2013; 28(4):290-298. 

http://dx.doi.org/10.2133/dmpk.DMPK-12-RG-112 

117. Peyre L, Rouimi P, de Sousa G, Helies-Toussaint C, Carre B, Barcellini S, Chagnon MC, 

Rahmani R. Comparative study of bisphenol A and its analogue bisphenol S on human hepatic 

cells: A focus on their potential involvement in nonalcoholic fatty liver disease. Food Chem 

Toxicol. 2014; 70:9-18. http://dx.doi.org/10.1016/j.fct.2014.04.011 

118. Roelofs MJ, Berg M, Bovee TF, Piersma AH, Duursen MB. Structural bisphenol analogues 

differentially target steroidogenesis in murine MA-10 Leydig cells as well as the glucocorticoid 

receptor. Toxicology. 2015; 329:10-20. http://dx.doi.org/10.1016/j.tox.2015.01.003 

http://dx.doi.org/10.1021/tx400342k
http://dx.doi.org/10.1093/toxsci/kfr117
http://dx.doi.org/10.1016/j.tiv.2009.10.001
http://dx.doi.org/10.1073/pnas.1203574109
http://dx.doi.org/10.1016/j.cbi.2010.09.018
http://dx.doi.org/10.1289/ehp.1104426
http://dx.doi.org/10.2133/dmpk.DMPK-12-RG-112
http://dx.doi.org/10.1016/j.fct.2014.04.011
http://dx.doi.org/10.1016/j.tox.2015.01.003


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

43 

119. Kolsek K, Gobec M, Mlinaric Rascan I, Sollner Dolenc M. Molecular docking revealed 

potential disruptors of glucocorticoid receptor-dependent reporter gene expression. Toxicol Lett. 

2014; 226(2):132-139. http://dx.doi.org/10.1016/j.toxlet.2014.01.047 

120. Kamata R, Shiraishi F, Nishikawa J-i, Yonemoto J, Shiraishi H. Screening and detection of 

the in vitro agonistic activity of xenobiotics on the retinoic acid receptor. Toxicol in Vitro. 2008; 

22(4):1050-1061. http://dx.doi.org/10.1016/j.tiv.2008.01.002 

121. Nishigori M, Nose T, Shimohigashi Y. Highly potent binding and inverse agonist activity of 

bisphenol A derivatives for retinoid-related orphan nuclear receptor RORgamma. Toxicol Lett. 

2012; 212(2):205-211. http://dx.doi.org/10.1016/j.toxlet.2012.05.020 

122. Monsanto Co. Initial submission: Acute oral toxicity of several diphenyl sulfones in rats and 

rabbits with cover letter dated 08/05/92. St. Louis, MS: Monsanto Company; 1992. 

OTS0555048. internal-pdf://4186365337/OTS0555048.pdf  

123. Dupont. Initial submission: acute oral toxicity of 4,4'-(hexafluoroisopropylidene)diphenol in 

male rats with cover letter dated 10/15/92. EPA/OTS. 1992; 920010335:#88-920010335.  

124. Army Chemical Center. Table V Toxicity Tests. Chemical Biological Coordination Center, 

Summary Biological Tests, National Research Council. 1954; p. 138-149.  

125. Pan F, Xu T, Yang L, Jiang X, Zhang L. Probing the binding of an endocrine disrupting 

compound-Bisphenol F to human serum albumin: insights into the interactions of harmful 

chemicals with functional biomacromolecules. Spectroc Acta Pt A-Molec Biomolec Spectr. 

2014; 132:795-802. http://dx.doi.org/10.1016/j.saa.2014.05.093 

126. Wang X, Yang JC, Wang YJ, Li YH, Wang F, Zhang L. Studies on electrochemical 

oxidation of estrogenic disrupting compound bisphenol AF and its interaction with human serum 

albumin. J Hazard Mater. 2014; 276:105-111. http://dx.doi.org/10.1016/j.jhazmat.2014.05.028 

127. Hendriks HS, Meijer M, Muilwijk M, van den Berg M, Westerink RH. A comparison of the 

in vitro cyto- and neurotoxicity of brominated and halogen-free flame retardants: prioritization in 

search for safe(r) alternatives. Arch Toxicol. 2014; 88(4):857-869. 

http://dx.doi.org/10.1007/s00204-013-1187-1 

128. Lee S, Kim YK, Shin TY, Kim SH. Neurotoxic effects of bisphenol AF on calcium-induced 

ROS and MAPKs. Neurotox Res. 2013; 23(3):249-259. http://dx.doi.org/10.1007/s12640-012-

9353-4 

129. Helies-Toussaint C, Peyre L, Costanzo C, Chagnon MC, Rahmani R. Is bisphenol S a safe 

substitute for bisphenol A in terms of metabolic function? An in vitro study. Toxicol Appl 

Pharmacol. 2014; 280(2):224-235. http://dx.doi.org/10.1016/j.taap.2014.07.025 

130. Masuno H, Iwanami J, Kidani T, Sakayama K, Honda K. Bisphenol a accelerates terminal 

differentiation of 3T3-L1 cells into adipocytes through the phosphatidylinositol 3-kinase 

pathway. Toxicol Sci. 2005; 84(2):319-327. http://dx.doi.org/10.1093/toxsci/kfi088 

131. Hayashi J, Sekine T, Deguchi S, Lin Q, Horie S, Tsuchiya S, Yano S, Watanabe K, Ikegami 

F. Phenolic compounds from Gastrodia rhizome and relaxant effects of related compounds on 

http://dx.doi.org/10.1016/j.toxlet.2014.01.047
http://dx.doi.org/10.1016/j.tiv.2008.01.002
http://dx.doi.org/10.1016/j.toxlet.2012.05.020
http://dx.doi.org/10.1016/j.saa.2014.05.093
http://dx.doi.org/10.1016/j.jhazmat.2014.05.028
http://dx.doi.org/10.1007/s00204-013-1187-1
http://dx.doi.org/10.1007/s12640-012-9353-4
http://dx.doi.org/10.1007/s12640-012-9353-4
http://dx.doi.org/10.1016/j.taap.2014.07.025
http://dx.doi.org/10.1093/toxsci/kfi088


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

44 

isolated smooth muscle preparation. Phytochemistry. 2002; 59(5):513-519. 

http://dx.doi.org/10.1016/S0031-9422(02)00008-0 

132. Lee JY, Jang YW, Kang HS, Moon H, Sim SS, Kim CJ. Anti-inflammatory action of 

phenolic compounds from Gastrodia elata root. Arch Pharm Res. 2006; 29(10):849-858. 

http://dx.doi.org/10.1007/BF02973905 

133. Pyo MK, Jin JL, Koo YK, Yun-Choi HS. Phenolic and furan type compounds isolated from 

Gastrodia elata and their anti-platelet effects. Arch Pharmacal Res. 2004; 27(4):381-385. 

http://dx.doi.org/10.1007/BF02980077 

134. Gao X, Ma J, Chen Y, Wang HS. Rapid responses and mechanism of action for low-dose 

bisphenol S on ex vivo rat hearts and isolated myocytes: evidence of female-specific 

proarrhythmic effects. Environ Health Persp. 2015; 123(6):571-578. 

http://dx.doi.org/10.1289/ehp.1408679 

135. Kubo T, Maezawa N, Osada M, Katsumura S, Funae Y, Imaoka S. Bisphenol A, an 

environmental endocrine-disrupting chemical, inhibits hypoxic response via degradation of 

hypoxia-inducible factor 1α (HIF-1α): structural requirement of bisphenol A for degradation of 

HIF-1α. Biochem Biophys Res Commun. 2004; 318(4):1006-1011. 

http://dx.doi.org/10.1016/j.bbrc.2004.04.125 

136. Hopp L, Megee SO, Lloyd JB. Bisphenols that stimulate cells to release alkali metal 

cations: a structure-activity study. J Med Chem. 1998; 41(22):4421-4423. 

http://dx.doi.org/10.1021/jm980315d 

137. Zhang H-C, Hu X-L, Yin D-Q, Lin Z-F. Development of molecular docking-based binding 

energy to predict the joint effect of BPA and its analogs. Hum Exp Toxicol. 2011; 30(4):318-

327. http://dx.doi.org/10.1177/0960327110372400 

138. Kolle SN, Kamp HG, Huener HA, Knickel J, Verlohner A, Woitkowiak C, Landsiedel R, 

van Ravenzwaay B. In house validation of recombinant yeast estrogen and androgen receptor 

agonist and antagonist screening assays. Toxicol In Vitro. 2010; 24(7):2030-2040. 

http://dx.doi.org/10.1016/j.tiv.2010.08.008 

139. Coleman KP, Toscano WA, Wiese TE. QSAR models of the in vitro estrogen activity of 

bisphenol A analogs. QSAR Comb Sci. 2003; 22(1):78-88. 

http://dx.doi.org/10.1002/qsar.200390008 

140. Kataria A, Levine D, Wertenteil S, Vento S, Xue J, Rajendiran K, Kannan K, Thurman JM, 

Morrison D, Brody R et al. Exposure to bisphenols and phthalates and association with oxidant 

stress, insulin resistance, and endothelial dysfunction in children. Pediatr Res. 2017; 81(6):857-

864. http://dx.doi.org/10.1038/pr.2017.16 

141. Catanese MC, Vandenberg LN. Bisphenol S (BPS) alters maternal behavior and brain in 

mice exposed during pregnancy/lactation and their daughters. Endocrinology. 2017; 158(3):516-

530. http://dx.doi.org/10.1210/en.2016-1723 

http://dx.doi.org/10.1016/S0031-9422(02)00008-0
http://dx.doi.org/10.1007/BF02973905
http://dx.doi.org/10.1007/BF02980077
http://dx.doi.org/10.1289/ehp.1408679
http://dx.doi.org/10.1016/j.bbrc.2004.04.125
http://dx.doi.org/10.1021/jm980315d
http://dx.doi.org/10.1177/0960327110372400
http://dx.doi.org/10.1016/j.tiv.2010.08.008
http://dx.doi.org/10.1002/qsar.200390008
http://dx.doi.org/10.1038/pr.2017.16
http://dx.doi.org/10.1210/en.2016-1723


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

45 

142. Wang RY, Abbott RD, Zieba A, Borowsky FE, Kaplan DL. Development of a three-

dimensional adipose tissue model for studying embryonic exposures to obesogenic chemicals. 

Ann Biomed Eng. 2016; 45(7):1807. http://dx.doi.org/10.1007/s10439-016-1752-x 

143. Chen Y, Shu L, Qiu Z, Lee DY, Settle SJ, Que Hee S, Telesca D, Yang X, Allard P. 

Exposure to the BPA-substitute bisphenol S causes unique alterations of germline function. 

PLoS Genet. 2016; 12(7). http://dx.doi.org/10.1371/journal.pgen.1006223 

144. Thayer KA, Pelch KE, Birnbaum LS, Bucher JR. Bisphenols: More unnecessary surprises. 

Endocr Disruptors. 2016; 4(1):e1131032. http://dx.doi.org/10.1080/23273747.2015.1131032 

145. Hashimoto Y, Nakamura M. Estrogenic activity of dental materials and bisphenol-A related 

chemicals in vitro. Dent Mater J. 2000; 19(3):245-262.  

146. Blair RM, Fang H, Branham WS, Hass BS, Dial SL, Moland CL, Tong W, Shi L, Perkins 

R, Sheehan DM. The estrogen receptor relative binding affinities of 188 natural and 

xenochemicals: structural diversity of ligands. Toxicol Sci. 2000; 54(1):138-153. 

http://dx.doi.org/10.1093/toxsci/54.1.138 

147. Kitamura S, Sanoh S, Kohta R, Suzuki T, Sugihara K, Fujimoto N, Ohta S. Metabolic 

activation of proestrogenic diphenyl and related compounds by rat liver microsomes. J Health 

Sci. 2003; 49(4):298-310. http://dx.doi.org/10.1248/jhs.49.298 

148. Perez P, Pulgar R, Olea-Serrano F, Villalobos M, Rivas A, Metzler M, Pedraza V, Olea N. 

The estrogenicity of bisphenol A-related diphenylalkanes with various substituents at the central 

carbon and the hydroxy groups. Environ Health Persp. 1998; 106(3):167-174.  

149. Stroheker T, Picard K, Lhuguenot JC, Canivenc-Lavier MC, Chagnon MC. Steroid 

activities comparison of natural and food wrap compounds in human breast cancer cell lines. 

Food Chem Toxicol. 2004; 42(6):887-897. http://dx.doi.org/10.1016/j.fct.2004.01.012 

150. Molina-Molina JM, Amaya E, Grimaldi M, Saenz JM, Real M, Fernandez MF, Balaguer P, 

Olea N. In vitro study on the agonistic and antagonistic activities of bisphenol-S and other 

bisphenol-A congeners and derivatives via nuclear receptors. Toxicol Appl Pharmacol. 2013; 

272(1):127-136. http://dx.doi.org/10.1016/j.taap.2013.05.015 

151. Matsushima A, Liu X, Okada H, Shimohigashi M, Shimohigashi Y. Bisphenol AF is a full 

agonist for the estrogen receptor ERalpha but a highly specific antagonist for ERbeta. Environ 

Health Persp. 2010; 118(9):1267-1272. http://dx.doi.org/10.1289/ehp.0901819 

152. Yamasaki K, Takeyoshi M, Yakabe Y, Sawaki M, Takatsuki M. Comparison of the reporter 

gene assay for ER-alpha antagonists with the immature rat uterotrophic assay of 10 chemicals. 

Toxicol Lett. 2003; 142(1-2):119-131. http://dx.doi.org/10.1016/S0378-4274(03)00019-5 

153. Rotroff DM, Dix DJ, Houck KA, Kavlock RJ, Knudsen TB, Martin MT, Reif DM, Richard 

AM, Sipes NS, Abassi YA et al. Real-time growth kinetics measuring hormone mimicry for 

ToxCast chemicals in T-47D human ductal carcinoma cells. Chem Res Toxicol. 2013; 

26(7):1097-1107. http://dx.doi.org/10.1021/tx400117y 

http://dx.doi.org/10.1007/s10439-016-1752-x
http://dx.doi.org/10.1371/journal.pgen.1006223
http://dx.doi.org/10.1080/23273747.2015.1131032
http://dx.doi.org/10.1093/toxsci/54.1.138
http://dx.doi.org/10.1248/jhs.49.298
http://dx.doi.org/10.1016/j.fct.2004.01.012
http://dx.doi.org/10.1016/j.taap.2013.05.015
http://dx.doi.org/10.1289/ehp.0901819
http://dx.doi.org/10.1016/S0378-4274(03)00019-5
http://dx.doi.org/10.1021/tx400117y


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

46 

154. Vinas R, Watson CS. Mixtures of xenoestrogens disrupt estradiol-induced non-genomic 
signaling and downstream functions in pituitary cells. Environ Health. 2013; 12(1):26.

http://dx.doi.org/10.1186/1476-069x-12-26

155. Li Y, Burns KA, Arao Y, Luh CJ, Korach KS. Differential estrogenic actions of endocrine-

disrupting chemicals bisphenol A, bisphenol AF, and zearalenone through estrogen receptor 
alpha and beta in vitro. Environ Health Persp. 2012; 120(7):1029-1035.

http://dx.doi.org/10.1289/ehp.1104689

156. Teng C, Goodwin B, Shockley K, Xia M, Huang R, Norris J, Merrick BA, Jetten AM, 
Austin CP, Tice RR. Bisphenol A affects androgen receptor function via multiple mechanisms. 
Chem-Biol Interact. 2013; 203(3):556-564. http://dx.doi.org/10.1016/j.cbi.2013.03.013

157. Ma M, Crump D, Farmahin R, Kennedy SW. Comparing the effects of 
tetrabromobisphenol-A, bisphenol A, and their potential replacement alternatives, TBBPA-

bis(2,3-dibromopropyl ether) and bisphenol s, on cell viability and messenger ribonucleic acid 
expression in chicken embryonic hepatocytes. Environ Toxicol Chem. 2015; 34(2):391-401. 
http://dx.doi.org/10.1002/etc.2814

158. Stossi F, Bolt MJ, Ashcroft FJ, Lamerdin JE, Melnick JS, Powell RT, Dandekar RD, 
Mancini MG, Walker CL, Westwick JK et al. Defining estrogenic mechanisms of bisphenol A 
analogs through high throughput microscopy-based contextual assays. Chem Biol. 2014;

21(6):743-753. http://dx.doi.org/10.1016/j.chembiol.2014.03.013

159. Li M, Guo J, Gao W, Yu J, Han X, Zhang J, Shao B. Bisphenol AF-induced endogenous 
transcription is mediated by ERalpha and ERK1/2 activation in human breast cancer cells. PLoS 
One. 2014; 9(4):e94725. http://dx.doi.org/10.1371/journal.pone.0094725

160. Rivas A, Lacroix M, Olea-Serrano F, Laios I, Leclercq G, Olea N. Estrogenic effect of a 
series of bisphenol analogues on gene and protein expression in MCF-7 breast cancer cells. J 
Steroid Biochem Mol Biol. 2002; 82(1):45-53. 

http://dx.doi.org/10.1016/S0960-0760(02)00146-2

161. Letcher RJ, Sanderson JT, Bokkers A, Giesy JP, van den Berg M. Effects of bisphenol A-

related diphenylalkanes on vitellogenin production in male carp (Cyprinus carpio) hepatocytes 
and aromatase (CYP19) activity in human H295R adrenocortical carcinoma cells. Toxicol Appl 
Pharmacol. 2005; 209(2):95-104. http://dx.doi.org/10.1016/j.taap.2005.03.013

162. Rosenmai AK, Dybdahl M, Pedersen M, Alice van Vugt-Lussenburg BM, Wedebye EB, 
Taxvig C, Vinggaard AM. Are structural analogues to bisphenol a safe alternative? Toxicol Sci. 
2014; 139(1):35-47. http://dx.doi.org/10.1093/toxsci/kfu030

163. Ashcroft FJ, Newberg JY, Jones ED, Mikic I, Mancini MA. High content imaging-based 
assay to classify estrogen receptor-α ligands based on defined mechanistic outcomes. Gene. 
2011; 477(1-2):42-52. http://dx.doi.org/10.1016/j.gene.2011.01.009 

http://dx.doi.org/10.1186/1476-069x-12-26
http://dx.doi.org/10.1289/ehp.1104689
http://dx.doi.org/10.1016/j.cbi.2013.03.013
http://dx.doi.org/10.1002/etc.2814
http://dx.doi.org/10.1016/j.chembiol.2014.03.013
http://dx.doi.org/10.1371/journal.pone.0094725
http://dx.doi.org/10.1016/S0960-0760(02)00146-2
http://dx.doi.org/10.1016/S0960-0760(02)00146-2
http://dx.doi.org/10.1016/j.taap.2005.03.013
http://dx.doi.org/10.1093/toxsci/kfu030
http://dx.doi.org/10.1016/j.gene.2011.01.009


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

A-1 

Appendix A. Supplemental Materials 

Table of Contents 

A.1. Comparison of Pharmaceutical Estrogen Profiles and BPA Analogues ............................. A-3 

A.2. Hazard Summaries Based on Analogy and Estimation from the US EPA DfE Report...... A-3 
A.3. Estrogenic and Anti-estrogenic Endpoints .......................................................................... A-3 

Tables 

All supplemental tables listed below are available at https://doi.org/10.22427/NTP-DATA-4. 

Supplemental Table 1. Inclusion of 27 BPA Analogues in Various Databases  

Supplemental Table 2. Biomonitoring Studies 

Supplemental Table 3. Wildlife Observational Studies 

Supplemental Table 4. ADME Type Studies 

Supplemental Table 5. PHBB Inventory 

Supplemental Table 6. TCBPA Inventory 

Supplemental Table 7. TBBPA Inventory 

Supplemental Table 8. Tox21 Activity Data 

Supplemental Table 9. Pharmacological Estradiol Analogues 

Supplemental Table 10. Comparison of HTS Assays Between BPA Analogues and E2 Analogues 

Supplemental Table 11. Hazard Summary Profile from the US EPA DfE Report 

Supplemental Table 12. Summary of Reproductive and Developmental Toxicity Studies in 

ECHA 

Supplemental Table 13. Integrated Biological and Structural Similarity to BPA 

Supplemental Table 14. Integrated Biological and Structural Similarity to E2 

Supplemental Table 15. References 

Figures 

Figure A-1. Crossview of Subchronic Studies ............................................................................ A-6 
Figure A-2. Body Weight in Subchronic Studies ....................................................................... A-7 
Figure A-3. Crossview of Uterotrophic Response ...................................................................... A-8 

Figure A-4. Data Pivot of Uterotrophic Response ...................................................................... A-9 
Figure A-5. Vitellogenin Response........................................................................................... A-10 
Figure A-6. Estrogen Receptor Binding Assays ....................................................................... A-11 
Figure A-7. Estrogen Receptor Cell Proliferation Assays ........................................................ A-12 

Figure A-8. Estrogen Receptor Reporter Gene Assays ............................................................ A-13 
Figure A-9. Estrogen Receptor Modulation of Endogenous Gene Expression ........................ A-14 
Figure A-10. Estrogen Receptor Modulation of Protein Expression ........................................ A-15 

Figure A-11. Steroidogenesis Assays ....................................................................................... A-16 
Figure A-12. Estrogen Receptor Other Endpoints .................................................................... A-17 
Figure A-13. Data Pivot of Hershberger Assay ........................................................................ A-18 
Figure A-14. Androgen Receptor Agonism Assays ................................................................. A-19 
Figure A-15. Androgen Receptor Antagonism Assays............................................................. A-20 
Figure A-16. Thyroid Hormone Disruption .............................................................................. A-21 

https://doi.org/10.22427/NTP-DATA-4


Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

A-2 

Figure A-17. Thyroid Receptor Agonism Assays..................................................................... A-22 
Figure A-18. Thyroid Receptor Antagonism Assays ................................................................ A-22 

Figure A-19. Other Nuclear Receptor Activities ...................................................................... A-23 
Figure A-20. In vitro Genotoxicity Assays ............................................................................... A-24 
Figure A-21. Assessment of Active and Inactive Assay of BPA Analogues in ToxCast ......... A-25 
Figure A-22. Risk of Bias of Animal Evidence from Published Literature.............................. A-26 
Figure A-23. Risk of Bias of Animal Evidence from ECHA Data ........................................... A-26 

  



Biological Activity of Bisphenol A (BPA) Structural Analogues and Functional Alternatives 

A-3 

A.1. Comparison of Pharmaceutical Estrogen Profiles and BPA 
Analogues 

The activity of the BPA analogues was compared to that of a set of Tox21 chemicals similar to 

E2. The E2 set was defined as all of the Tox21 chemicals with Tanimoto similarity to beta-

estradiol of greater than 0.5. The chemicals in this set are given in Supplemental Table 9, posted 

online. The two chemical sets were compared using the direction adjusted, weighted area under 

curve (wAUC) values for the Tox21 assays. Assay values used were all triplicated assay 

endpoints, except for the two channels of data used for deriving the ratio in assays where the 

ratio of two channels was reported. 

For each chemical and assay, the median of all replicate wAUC values for that chemical in that 

assay was obtained. Some chemicals were tested more than once (i.e., have more than one set of 

triplicate wAUCS), and those values were pooled before calculating the median. For each 

chemical set and each assay, the assay was assigned an activity sign of 1, indicating consistent 

increasing wAUC, if more than half of the chemicals (not counting chemicals not tested in that 

assay) had median wAUC greater than 0 for that assay, a sign of 1 if more than half had median 

wAUC less than 0, and a sign of 0 otherwise. 

Results are shown in Supplemental Table 10, posted online . For sixteen of the assays, both the 

BPA analogues and the E2 analogues had the same non-zero sign (sign 1 for three assays, sign −1 

for 13 assays), designated Group 1 Assays. (This discussion omits assays with sign 0 for both 

chemical sets). For 10 of the assays designated Group 2 Assays, the BPA analogues set had a 

sign of −1 while the E2 analogue set had a sign of 0. Five other assays designated Group 3 

Assays had different signs for the two chemical sets. 

A.2. Hazard Summaries Based on Analogy and Estimation from the 
US EPA DfE Report 

For eight analogues (BPS-MAE, BPS-MPE, BTUM, D-90, DD-70, MBHA, TGSA, UU), no 

published studies were identified by the literature search or in the US EPA DfE report15. In the 

US EPA DfE report, hazard summaries of these chemicals were subsequently derived based on 

analogy, estimation, or evaluation of data in the ECHA database or submitted confidential 

studies (Supplemental Table 11, posted online). All of these analogues were found or estimated 

to have a low hazard for acute toxicity, and were estimated as a moderate hazard for 

carcinogenicity. MBHA achieved a high hazard label for developmental effects based on analogy 

to BPA and DD-70 achieved a high hazard label for eye irritation based on analogy to a 

confidential chemical. In contrast to the generally low hazard for human health effects of these 

analogues, most of them were found or estimated to be moderate, high, or very high hazards for 

acute or chronic exposure to aquatic organisms. The exceptions were UU and D-90, which were 

both estimated to be low aquatic toxicity hazards. 

A.3. Estrogenic and Anti-estrogenic Endpoints 

Binding to the estrogen receptor was assessed for ten BPA analogues (4,4-BPF, BPAF, BPB, 

BPC, BPE, BPS, BPZ, BPAP, TMBPA, D-8) using a number of different assays (Figure A-6). In 

some assays, binding to the ER was performed in a cell-free context94; 96; 139; 145-148. In others, 

https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
https://doi.org/10.22427/NTP-DATA-4
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intact cell systems were utilized to evaluate binding to endogenous ER149 or exogenously 

expressed ER in mammalian cells113; 150 or bacterial cells83; 86; 151; 152. Among the strongest 

binders to ER were BPAF, BPB, BPZ, and BPAP, binding between 0.01 and 1 µM, which was 

four to ten-fold more potent than that reported for BPA. Binding of BPC, 4,4-BPF, BPE, and 

TMBPA to ER was similar to that of BPA (ranged from >0.01 to <100 µM), and BPS was the 

weakest with binding six to 10-fold less potent than BPA (>3 µM). D-8 did not bind to ER in the 

presence or absence of the metabolic activator S9 fraction96. Several BPA analogues bound ERβ 

more potently than ERα, including BPAF and BPS150; 151. 

Induction of cellular proliferation of human breast cancer cell lines (e.g., MCF7 and T47D) is a 

well-known characteristic of estrogenic chemicals, and was assessed for 11 BPA analogues 

(4,4-BPF, BPAF, BPAP, BPB, BPC, BPE, BPP, BPPH, BPS, BPZ, TMBPA). In MCF7 cells, the 

BPA analogues tested were similar to or slightly weaker than BPA in their ability to induce 

cellular proliferation (Figure A-7), with the exception of BPAF, which was generally reported as 

equal to or more potent than BPA94; 113; 139; 148; 153. BPS was also interesting in that it was reported 

as weaker than BPA in inducing MCF7 cell proliferation94; 145; 150, but was much more potent 

than BPA in inducing proliferation of the rat pituitary cancer cell line GH3/B6/F10154. The 

pattern of potency was similar for ER binding and cellular proliferation for the chemicals that 

were tested in both assays with the exception of BPE, which was one of the most potent at 

inducing cellular proliferation56 but one of the weakest at binding ER94. 

Modulation of reporter genes was assessed in eukaryotic cells transfected with various reporter 

constructs and with either ERα or ERβ in cells that do not endogenously express the receptor 

(Figure A-8). The yeast estrogen screen (YES), in which both the ER and reporter are 

transformed into yeast cells, was also used. With the exception of D8, all of the BPA analogues 

tested in these assays were partial to full agonists capable of eliciting induction of the reporter 

gene similarly to E2. The majority of the reported EC50 values were in the order of 0.1-10 µM for 

4,4-BPF, BPB, BPC, BPE, BPP, and TMBPA. BPAF and BPZ were more potent, with EC50 

values near 0.01-1 µM and BPAP and BPS were less potent with EC50 values in the order of 1-10 

µM. The potency of the effect was dependent on cell type and receptor (ERα or ERβ). 

Antagonism was evaluated for 4,4-BPF, BPB, BPC, BPE, BPS, BPAF, and TMBPA. Only 

BPAF and TMBPA were found to antagonize the activity of E2, but the reports of BPAF 

antagonism were conflicting and suggest cell type specific effects104. For example, potent 

antagonism of BPAF on ERβ and weak antagonism on ERα was observed in HeLa cells, but not 

in HepG2, Ishikawa, or MCF-7 cells104; 113; 155; 156. 

In Tox21, BPAF was the most potent ER agonist of the BPA analogues, and was more potent 

than BPA. BPZ, BPC, TMBPA, 4,4-BPF, BPB, BPE, BPS displayed ER agonism similar to BPA 

(AC50 between 0.2 and 2 µM). PHBB was weaker (AC50 ~20 µM). 2,2-BPF, TCBPA, TBBPA 

only stimulated the partial receptor at ~50 µM. ER antagonism at ~50 µM was observed for 

TGSA, TCBPA, BPZ, BPC, TMBPA, BPAF, BPE, and BPB. 

Modulation of endogenous gene (Figure A-9) and protein (Figure A-10) expression was assessed 

in eukaryotic cells transfected with ERα or ERβ or in cells that endogenously express ER. For 

the most part, only single doses were evaluated in the gene expression studies. All of the tested 

BPA analogues (4,4-BPAF, BPAF, BPAP, BPB, BPC, BPE, BPS, BPZ, and TMBPA) induced 

the expression of endogenous estrogen-responsive genes (e.g., prolactin (PRL), growth 

regulation by estrogen in breast cancer 1 (GREB1), and progesterone receptor (PR)). Though 
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difficult to discern due to the lack of dose response data, BPS appeared the least potent, only 

inducing gene expression at 300 µM157 whereas the other analogues induced expression at 1 or 

10 µM (Figure A-9). In general, when ERβ was present there was no induction of endogenous 

estrogen-responsive genes158. In the case of BPAF, however, gene expression was decreased 

relative to control when cells were transfected with ERβ and increased with ERα159. In addition, 

4,4-BPAF, BPAF, BPAP, BPB, BPC, BPS, BPZ, and TMBPA were able to antagonize E2 

induced expression of PRL in HeLA cells transfected with ERα or ERβ and GREB1 in MCF7 

cells158. 

The same chemicals were evaluated for modulation of ERα, PR, PRL, trefoil factor 1(pS2), or 

VTG protein expression (Figure A-10). All of the chemicals tested (4,4-BPF, BPAF, BPB, BPC, 

BPE) increased expression of PR and pS2 in the dose range of 1-10 µM148; 160. Whereas BPAF, 

BPP, BPC, and TMBPA antagonized E2 induced expression of VTG, only BPAF and BPC acted 

as agonists to induce VTG expression in the absence of E2
161. Stossi et al.158 reported that 4,4-

BPF, BPAF, BPAP, BPB, BPC, BPS, and TMBPA could down regulate ERα levels in MCF7 

cells158. 

The production of endogenous estrogens (17β-E2 and estrone) was assessed for 4,4-BPF, BPB, 

BPE, BPS, D8 and Pergafast 201 in the human adrenocortical carcinoma cell line, H295R97; 162 

(Figure A-11). 4,4-BPF, BPB and BPE induced the production of 17β-E2 and estrone with 

potencies similar to BPA, whereas BPS was not active in the H295R steroidogenesis assay97; 162. 

For D8 and Pergafast 201, only the production of 17β-E2 was evaluated97 and both chemicals 

were inactive. 

There were additional estrogen receptor related endpoints that were assessed (Figure A-12). 

Ashcroft et al.163 and Stossi et al.158 evaluated whether or not the BPA analogues could induce 

ER binding to the estrogen response element (ERE) of DNA using high content imaging. All of 

the BPA analogues tested (4,4-BPF, BPAF, BPAP, BPB, BPC, BPS, BPZ, TMBPA) 

demonstrated clear selectivity for ERβ compared to ERα158 with BPS and 4,4-BPF not able to 

induce ERα/ERE binding between 0.001 and 10 µM. In the same study, BPAP and BPAF were 

able to induce ERα or ERβ homodimerization but BPS showed only weak activity158. In similar 

studies Ashcroft et al.163 demonstrated that BPB could induce ERα nuclear localization and 

polymerase II recruitment. Non-genomic effects were only explored for BPS, which was able to 

activate the extracellular signal-regulated kinase ERK and caspase 8 but not JNK or caspase 9154.  
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 Figure A-1. Crossview of Subchronic Studies 

https://hawcproject.org/summary/visual/176/
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Figure A-2. Body Weight in Subchronic Studies 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-2/
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Figure A-3. Crossview of Uterotrophic Response 

https://hawcproject.org/summary/visual/168/
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Figure A-4. Data Pivot of Uterotrophic Response 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-4/
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Figure A-5. Vitellogenin Response 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-5/
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Figure A-6. Estrogen Receptor Binding Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-6/
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Figure A-7. Estrogen Receptor Cell Proliferation Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-7/
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Figure A-8. Estrogen Receptor Reporter Gene Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-8/
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Figure A-9. Estrogen Receptor Modulation of Endogenous Gene Expression 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-9/
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Figure A-10. Estrogen Receptor Modulation of Protein Expression 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-10/
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Figure A-11. Steroidogenesis Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-11/
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Figure A-12. Estrogen Receptor Other Endpoints 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-12/
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Figure A-13. Data Pivot of Hershberger Assay 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-13/
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Figure A-14. Androgen Receptor Agonism Assays  

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-14/
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Figure A-15. Androgen Receptor Antagonism Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-15/
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Figure A-16. Thyroid Hormone Disruption 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-16/
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Figure A-17. Thyroid Receptor Agonism Assays 

 
Figure A-18. Thyroid Receptor Antagonism Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-17/
https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-18/
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Figure A-19. Other Nuclear Receptor Activities 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-19/
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Figure A-20. In vitro Genotoxicity Assays 

https://hawcproject.org/summary/data-pivot/assessment/46/Supplemental-Figure-20/
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Figure A-21. Assessment of Active and Inactive Assay of BPA Analogues in ToxCast 
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Figure A-22. Risk of Bias of Animal Evidence from Published Literature 

 
Figure A-23. Risk of Bias of Animal Evidence from ECHA Data 

https://hawcproject.org/summary/visual/142/
https://hawcproject.org/summary/visual/144/
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