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The concept of a threshold of adversity in toxicology is neither provable nor disprovable. As such, it 
is not a scientific question but a theoretical one. Yet, the belief in thresholds has led to traditional 
ways of interpreting data derived from regulatory guideline studies of the toxicity of chemicals. This 
includes, for example, the use of standard “uncertainty factors” when a “No Adverse Effect Level” (or 
similar “benchmark dose”) is either observed, or not observed. In the context of endocrine-disrupting 
chemicals (EDCs), this approach is demonstrably inappropriate. First, the efficacy of a hormone on 
different endpoints can vary by several orders of magnitude. This feature of hormone action also 
applies to EDCs that can interfere with that hormone. For this reason, we argue that the choice 
of endpoint for use in regulation is critical, but note that guideline studies were not designed with 
this in mind. Second, the biological events controlled by hormones in development not only change 
as development proceeds but are different from events controlled by hormones in the adult. Again, 
guideline endpoints were also not designed with this in mind, especially since the events controlled by 
hormones can be both temporally and spatially specific. The Endocrine Society has laid out this logic 
over several years and in several publications. Rather than being extreme views, they represent what 
is known about hormones and the chemicals that can interfere with them.
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In a commentary recently published in Critical Reviews in Toxicology [1], Dr Brescia lays 
out the logic to support a risk-based approach to regulating endocrine-disrupting chemicals 
(EDCs). Key to this approach is the assumption of a threshold of adversity. We, as members 
of the Endocrine Society’s Endocrine-Disrupting Chemicals (EDC) Advisory Group, would 
like to address two key scientific issues.

1. Thresholds of adversity. Key to risk assessment is the identification of a threshold of ad-
versity, that is, the highest dose that does not produce an observable effect on a chosen 
endpoint. But, the choice of endpoint is key. For example, the concentration of lead re-
quired to affect measures of cognitive function in children is far less than the lethal dose 

https://doi.org/10.1210/jendso/bvaa085
http://orcid.org/0000-0001-6513-2109
http://orcid.org/0000-0001-6513-2109
http://orcid.org/0000-0002-7485-2658
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 | Journal of the Endocrine Society | doi: 10.1210/jendso/bvaa085

in adults (eg, [2, 3]) Since regulators initially developed safety determinations for lead 
exposures based on morbidity and lethality in adults, millions of children were harmed.

 Lead toxicity presents another challenge: what should be done when no safe level of ex-
posure can be identified [4-6]? This point could not be made any clearer than the United 
States Centers for Disease Control 2012 report on childhood lead poisoning prevention, 
which states, “New studies and re-interpretation of past studies have demonstrated that 
it is not possible to determine a threshold below which [blood lead level] is not inversely 
related to IQ” and “it is now clear that there is no known threshold below which adverse 
effects of lead are absent.” [7] In this case, it can be argued that a threshold for the ef-
fect of lead on brain development and IQ could exist, but one has not been demonstrated 
empirically. Given that the estimated “safe” level of chemical exposure often decreases 
as new data become available, it is clear that the early estimates of safety are often in-
sufficient to protect human health [8].

 Lead is not alone in its ability to have effects at even very low levels of exposure [9-13]. 
Unfortunately, documented low-dose effects exist for dozens, if not hundreds of chemicals, 
including EDCs. Despite the fact that human exposures are low, below the levels that 
cause mortality or other overt signs of toxicity in laboratory animals, epidemiological 
studies continue to document associations between EDCs and human disease outcomes 
in a manner that is concordant with mechanistic studies [14-22]. For EDCs, this reality 
was acknowledged in a 2017 report by the United States National Academy of Sciences 
[23], which provided recommendations on how the Environmental Protection Agency 
(EPA) should conduct investigations for low-dose effects of EDCs in a regulatory context.

 In addition, as professors Demeneix and Slama state in a report for the European 
Parliament [24], approaches used in regulatory toxicology still do not take into account 
the effects of chemical mixtures that impinge on the same endocrine signaling pathways 
or on interacting hormones [25]. All children are exposed both prenatally [26] and post-
natally [27] to multiple xenobiotics, many of which have the potential to interfere with 
the endocrine system. This emphasizes the need for caution in the use of thresholds fo-
cused on individual chemicals.

During a consensus meeting that included regulators, toxicologists, epidemiologists, and 
endocrinologists, a consensus was reached on a series of scientific principles to identify 
EDCs [28]. It was agreed that the concept of thresholds should be further researched. The 
statement on this point concludes “that it may be difficult to distinguish a true threshold 
from an apparent threshold which merely arises from the limits of detection of the ex-
perimental system. Thus, the question of the existence of dose-thresholds for endocrine 
disruptors cannot be resolved through empirical dose-response studies alone but has to rely 
on mechanistic investigations and increased knowledge on the functions and programming 
of the endocrine system during specific windows of sensitivity.” Moreover, given that the 
estimated safe level of chemical exposure is often decreased as new data become available, 
the early estimates including uncertainty factors demonstrate that estimates of the true or 
practical threshold were overestimated [8].

 Furthermore, there are several additional reasons why the validated endpoints employed 
in the Organization for Economic Co-operation and Development (OECD) guidelines may 
fail to provide clear information about whether or not a threshold exists. First, there is 
the sensitivity of the biological outcomes evaluated. For example, the uterotrophic assay 
focuses on organ weight, even though many endocrine-disrupting effects do not entail 
any change in the overall organ weight (see [29] for an example). Second, the varia-
bility in results obtained in studies such as the uterotrophic assay depends on protocol 
differences, all permitted within validated guidelines, including the use of rats or mice 
and their different strains, or injection versus gavage [30]. Third, there is the assumption 
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of a monotonic dose response in regulatory testing that influences all aspects of study 
design; monotonicity is an unlikely default assumption for most EDCs [13].

 The commentary concludes that “a threshold approach to the risk assessment of [EDCs] 
is scientifically justified.” However, it can only be justified if you ignore that endpoints 
of adversity in standard toxicological studies are not sensitive to EDCs [31, 32], that un-
certainty factors often overestimate the theoretical threshold, and that mixture effects 
are not considered.

2. Hormones and development. (Brescia, 2020) also makes the statement that it is an “ex-
treme position” to hold that the developing organism has “homeostatic mechanisms [that] 
are not sufficiently developed such that a threshold of adversity cannot be assumed for 
EDCs acting during the developmental stages of the life cycle.” The commentary further 
states that this position is “not supported by decades of observations and safety testing 
of developmental toxicants, with little evidence suggesting that the fundamental rules 
governing endocrine function cease to apply during this life stage…”.

 To be clear, framing the position of the Endocrine Society [33] as extreme throws into 
sharp relief the difference between the author’s perception of regulatory toxicology and 
that of fundamental science. The Endocrine Society is the largest and oldest society of 
clinicians and scientists focused on understanding hormone systems in health and di-
sease. It has more than 18 000 members and was founded over 100 years ago. We are 
further concerned about the juxtaposition in the article of the consensus position of a 
longstanding medical and scientific society with commentary from industry consultants.

 Moreover, use of the term “endocrine function” in the statement above is ambiguous. 
Because the human fetus does not have a functional thyroid gland during the first trimester 
of development, despite having a requirement for thyroid hormone for normal development 
during this period [34, 35], endocrine function obviously changes through development.

 Perhaps instead what (Brescia, 2020) refers to is “endocrine action.” Clearly, we are well 
aware that the fundamental rules of endocrine actions are the same throughout the life 
cycle (eg, [36, 37]). Rather than being an extreme view [33], it is uniformly held by scien-
tific societies that fetal development represents a very complex time of hormone action. 
Thus, the downstream actions of hormones are often quite different during development 
compared with the adult, the sensitivity of the fetus to the same hormone is often much 
greater during development, and the effects downstream of hormone action are often not 
reversible [38-41].

 The crux of our perspective, supported by decades of endocrine science, is that if a 
chemical interferes with the action of a specific hormone, the effects of exposure will 
be consistent with those actions. For example, an antiandrogenic chemical exposure 
during fetal development would interfere with testosterone action in the brain and pro-
duce effects that in some cases would not be observed until adulthood [32]. Moreover, 
because the developing brain is very sensitive to testosterone, the dose at which an 
antiandrogenic chemical would produce adverse effects in the fetus would be lower than 
those required to interfere with testosterone actions in the adult.

 We specifically note that many of the adverse outcomes of EDCs are not evaluated in 
standard regulatory toxicology testing such as altered neurite outgrowth, neuronal mi-
gration, and myelination (and more) in the brain following thyroid hormone disruption. 
Further, there is no guideline study that evaluates brain sexual dimorphisms, or sensi-
tive social behaviors in rodents that have had alterations to these sensitive brain regions 
[42-44]. While the US EPA defines an adverse neurodevelopmental effect as “an adverse 
change in the structure or function of the central and/or peripheral nervous system…” 
[45], there are no sensitive markers of these events in current test guidelines. Also, no 
regulatory toxicology tests exist that evaluate the impacts of environmental chemicals 
on mammary gland morphology or development, and the evaluation of outcomes rele-
vant to breast cancer are recognized to be insufficient [46-49].

https://doi.org/10.1210/jendso/bvaa085


4 | Journal of the Endocrine Society | doi: 10.1210/jendso/bvaa085

 Even though the US EPA defines an adverse effect as “a biochemical change, functional 
impairment, or pathologic lesion that affects the performance of the whole organism, or 
reduces an organism’s ability to respond to an additional environmental chal-
lenge,” [ [50] emphasis added], there are no guideline studies that evaluate whether 
exposures to EDCs alter the response of animals to environmental stressors. Yet, nu-
merous studies show that animals exposed to EDCs are more sensitive to hormones, 
carcinogens, allergens, and other environmental challenges (eg, [51-54]). The recogni-
tion of these weaknesses in EDC testing was the basis for a major effort in the European 
Union funded by Horizon 2020 to identify better endpoints that can be captured by 
OECD test guidelines [55]. These are hardly extreme positions.

 The suggestion that fetuses, neonates, and infants have sufficient “homeostatic” 
functions to protect them from environmental pollutants is in fact an example of 
an extreme position that is not supported by evidence. There are numerous studies 
documenting that the fetal compartment acts as a depot for some chemicals in-
cluding EDCs (eg, perfluorinated compounds [56], polybrominated diphenyl ethers 
[57]). Furthermore, regulatory toxicologists acknowledge the insufficiency of homeo-
static functions at different life stages when using adjustment factors to account for 
life stage during risk assessments. Yet, even the standard default uncertainty factor 
of 10, which is typically used to acknowledge the increased vulnerability of fetuses, 
neonates, infants, and children, is often insufficient; numerous studies provide ev-
idence that individuals at these vulnerable stages of development are more than 
10-times more sensitive than adults [58, 59]. This reality has also been acknowledged 
by regulators in the United States [60].

Endocrinology is a scientific field that relies upon the theory of falsifiability (sometimes 
also referred to as the Popper framework). In our field of study, for a hypothesis to be cred-
ible, it must be disprovable. In contrast, (Brescia, 2020) describes a framework where the 
demonstration of a true threshold would “entail studying an infinite number of organisms 
of the species in question… using infinitely precise measures… and an infinite number of 
doses…” The author acknowledges that “hypotheses regarding where on the dose-response 
curve the true threshold lies are beyond the ability of science to resolve” and is therefore 
not a scientific question.

The Endocrine Society holds that rigorous scientific evidence, including fundamental 
features of endocrinology, should inform safety determinations, even when these features 
challenge and force us to rethink conventional concepts in toxicology. Thus, it is essential to 
identify the threshold of empirical data required to identify safe levels of chemicals to which 
we expose the entire human population.

Acknowledgments

The authors wish to thank Dr Joe Laakso, director of science policy for the Endocrine Society and Dr 
Shirlee Tan, toxicologist with Public Health—Seattle & King County for their careful review and com-
ment on this commentary.

Additional information

Correspondence: R. Thomas Zoeller, Biology Department, University of Massachusetts Amherst, 
611 N Pleasant St, Amherst, MA 01003, USA. E-mail: tzoeller@bio.umass.edu.

Disclosures & Disclaimers: This letter was drafted in response to the commentary by Dr Brescia, 
“Thresholds of adversity and their applicability to endocrine disrupting chemicals”. This response 
is submitted by the authors (Barbara Demeneix, Laura Vandenberg, Richard Ivell, and R. Thomas 
Zoeller) on behalf of the Endocrine Society’s Endocrine-Disrupting Chemicals Expert Advisory Group 
and the members of this Advisory Group.

https://doi.org/10.1210/jendso/bvaa085
mailto:tzoeller@bio.umass.edu?subject=


doi: 10.1210/jendso/bvaa085 | Journal of the Endocrine Society | 5

The Endocrine Society’s EDC Advisory Group provides coordinated oversight and guidance on 
Society activities related to Endocrine-Disrupting Chemicals (EDCs) covering all relevant Society 
functions, including publications, education, and policy. The EDC-related positions and priorities 
that the Endocrine Society advocates for are described in our Position Statement on EDCs 
(https://www.endocrine.org/advocacy/position-statements/endocrine-disrupting-chemicals) and 
Position Statement on EDCs in the EU (https://www.endocrine.org/advocacy/position-statements/
endocrine-disrupting-chemicals-in-the-european-union).

None of the authors received funding from any source for this commentary. The views expressed 
here are the professional opinions of the authors and do not necessarily reflect those of their employers 
or any agencies that have funded their work. There are no contractual relations or proprietary 
considerations that restrict the authors’ publication or dissemination of the findings described in the 
manuscript.

Dr Demeneix is currently the chair of the Endocrine Society’s EDC Advisory Group and is co-chair 
of one of its Task Force groups. Her EDC-related research has been funded by government and EU 
agencies and foundations. Dr Demeneix holds a patent under the name “Transgenic clawed frog 
embryos and use thereof as detectors of endocrine disruptors in the environment” filed in 2002 
(number FR020669) and extended by a Patent Cooperation Treaty filed in 2003.

Dr Vandenberg is currently a member of the Endocrine Society’s EDC Advisory Group, is co-chair 
of one of its Task Force groups, and a member of 2 other Task Forces. She is also a member of the US 
EPA’s Science Advisory Board Chemical Assessment Advisory Committee and a scientific advisor (un-
paid) to 2 Horizon 2020 EDC grants. Her travel has been sponsored by various government, academic, 
and industry groups to present findings of her research. Dr Vandenberg’s EDC-related research has 
been funded by US government agencies, the University of Massachusetts Amherst, and nongovern-
mental organization including the Cornell Douglas Foundation and the Great Neck Breast Cancer 
Coalition.

Dr Ivell is currently a member of the Endocrine Society’s EDC Advisory Group and is Editor-in-
Chief of the specialty section “Reproduction” for the journals Frontiers in Physiology and Frontiers 
in Endocrinology. His EDC-related research has been funded by government and academic agencies.

Dr Zoeller has served on various advisory boards and panels of the US EPA, the National Institutes 
of Health and Pew Charitable Trusts in relation to issues of EDCs. He is currently a member of the 
Endocrine Society’s EDC Advisory Group and is co-chair of one of its Task Force groups. His travel 
has been sponsored by various government, academic, and industry groups to present findings of his 
research. Dr Zoeller’s research has been funded by government agencies in the United States and the 
European Union.

Data Availability: Data sharing is not applicable to this article as no datasets were generated 
or analyzed during the current study.

References
 1. Brescia S. Thresholds of adversity and their applicability to endocrine disrupting chemicals. Crit Rev 

Toxicol. 2020;50(3):213-218.
 2. Heindel  J, Zoeller  RT. Endocrine-disrupting chemicals and human disease. In: DeGroot  LJ, 

Jameson JL, eds. Endocrinology: Adult and Pediatric. Vol 2. Philadelphia, PA: Elsevier Saunders; 
2016.

 3. Lanphear BP, Hornung R, Khoury J, et al. Low-level environmental lead exposure and children’s in-
tellectual function: an international pooled analysis. Environ Health Perspect. 2005;113(7):894-899.

 4. Vorvolakos T, Arseniou S, Samakouri M. There is no safe threshold for lead exposure: alpha literature 
review. Psychiatriki. 2016;27(3):204-214.

 5. Lanphear BP. Low-level toxicity of chemicals: no acceptable levels? PLoS Biol. 2017;15(12):e2003066.
 6. Environmental Protection Agency. Basic Information about Lead in Drinking Water. 2016. ProMED-

mail website. https://www.epa.gov/ground-water-and-drinking-water/basic-information-about-lead-
drinking-water. Accessed August 20, 2020.

 7. Centers for Disease Control. Low level lead exposure harms children: a renewed call for primary pre-
vention. Report of the Advisory Committee on Childhood Lead Poisoning Prevention. Atlanta: Center 
for Disease Control and Prevention; 2012. ProMED-mail website. https://www.cdc.gov/nceh/lead/
ACCLPP/Final_Document_030712.pdf. Accessed August 20, 2020.

 8. Gee D. Late lessons from early warnings: toward realism and precaution with endocrine-disrupting 
substances. Environ Health Perspect. 2006;114(Suppl 1):152-160.

 9. Lanphear BP. The impact of toxins on the developing brain. Annu Rev Public Health. 2015;36:211-230.

https://doi.org/10.1210/jendso/bvaa085
https://www.endocrine.org/advocacy/position-statements/endocrine-disrupting-chemicals
https://www.endocrine.org/advocacy/position-statements/endocrine-disrupting-chemicals-in-the-european-union
https://www.endocrine.org/advocacy/position-statements/endocrine-disrupting-chemicals-in-the-european-union
https://www.epa.gov/ground-water-and-drinking-water/basic-information-about-lead-drinking-water
https://www.epa.gov/ground-water-and-drinking-water/basic-information-about-lead-drinking-water
https://www.cdc.gov/nceh/lead/ACCLPP/Final_Document_030712.pdf
https://www.cdc.gov/nceh/lead/ACCLPP/Final_Document_030712.pdf


6 | Journal of the Endocrine Society | doi: 10.1210/jendso/bvaa085

 10. Gore  AC, Heindel  JJ, Zoeller  RT. Endocrine disruption for endocrinologists (and others). 
Endocrinology. 2006;147(6 Suppl):S1-S3.

 11. Vandenberg LN. Low dose effects challenge the evaluation of endocrine disrupting chemicals. Trends 
Food Sci Technol. 2019;84:58-61.

 12. Hill CE, Myers JP, Vandenberg LN. Nonmonotonic dose-response curves occur in dose ranges that 
are relevant to regulatory decision-making. Dose Response. 2018;16(3):1559325818798282.

 13. Vandenberg LN, Colborn T, Hayes TB, et al. Hormones and endocrine-disrupting chemicals: low-dose 
effects and nonmonotonic dose responses. Endocr Rev. 2012;33(3):378-455.

 14. Gore AC, Chappell VA, Fenton SE, et al. EDC-2: The Endocrine Society’s second scientific statement 
on endocrine-disrupting chemicals. Endocr Rev. 2015;36(6):E1-E150.

 15. Stillerman KP, Mattison DR, Giudice LC, Woodruff TJ. Environmental exposures and adverse preg-
nancy outcomes: a review of the science. Reprod Sci. 2008;15(7):631-650.

 16. Rochester  JR. Bisphenol A  and human health: a review of the literature. Reprod Toxicol. 
2013;42:132-155.

 17. Crain DA, Janssen SJ, Edwards TM, et al. Female reproductive disorders: the roles of endocrine-
disrupting compounds and developmental timing. Fertil Steril. 2008;90(4):911-940.

 18. Skakkebaek NE, Rajpert-De Meyts E, Buck Louis GM, et al. Male reproductive disorders and fer-
tility trends: influences of environment and genetic susceptibility. Physiol Rev. 2016;96(1):55-97.

 19. Meeker JD, Sathyanarayana S, Swan SH. Phthalates and other additives in plastics: human expo-
sure and associated health outcomes. Philos Trans R Soc Lond B Biol Sci. 2009;364(1526):2097-2113.

 20. Kahn LG, Trasande L. Environmental toxicant exposure and hypertensive disorders of pregnancy: 
recent findings. Curr Hypertens Rep. 2018;20(10):87.

 21. Trasande  L, Shaffer  RM, Sathyanarayana  S. Food additives and child health. Pediatrics. 
2018;142(2):1-11.

 22. Maffini MV, Trasande L, Neltner TG. Perchlorate and diet: human exposures, risks, and mitigation 
strategies. Curr Environ Health Rep. 2016;3(2):107-117.

 23. National Academies of Sciences E, Medicine. Application of Systematic Review Methods in an Overall 
Strategy for Evaluating Low-Dose Toxicity from Endocrine Active Chemicals. Washington, DC: The 
National Academies Press; 2017.

 24. Demeneix B, Slama R. Endocrine Disruptors: From Scientific Evidence to Human Health Protection. 
Brussels: European Union; 2019. ProMED-mail website. https://www.europarl.europa.eu/RegData/
etudes/STUD/2019/608866/IPOL_STU(2019)608866_EN.pdf. Accessed August 20, 2020.

 25. Kortenkamp A, Faust M. Regulate to reduce chemical mixture risk. Science. 2018;361(6399):224-226.
 26. Bennett D, Bellinger DC, Birnbaum LS, et al.; American College of Obstetricians and Gynecologists 

(ACOG); Child Neurology Society; Endocrine Society; International Neurotoxicology Association; 
International Society for Children’s Health and the Environment; International Society for 
Environmental Epidemiology; National Council of Asian Pacific Islander Physicians; National 
Hispanic Medical Association; National Medical Association. Project TENDR: targeting environ-
mental neuro-developmental risks the TENDR consensus statement. Environ Health Perspect. 
2016;124(7):A118-A122.

 27. Hendryx M, Luo J. Children’s environmental chemical exposures in the USA, NHANES 2003-2012. 
Environ Sci Pollut Res Int. 2018;25(6):5336-5343.

 28. Solecki R, Kortenkamp A, Bergman Å, et al. Scientific principles for the identification of endocrine-
disrupting chemicals: a consensus statement. Arch Toxicol. 2017;91(2):1001-1006.

 29. Ceccatelli R, Faass O, Schlumpf M, Lichtensteiger W. Gene expression and estrogen sensitivity in 
rat uterus after developmental exposure to the polybrominated diphenylether PBDE 99 and PCB. 
Toxicology. 2006;220(2-3):104-116.

 30. Kleinstreuer NC, Ceger PC, Allen DG, et al. A curated database of rodent uterotrophic bioactivity. 
Environ Health Perspect. 2016;124(5):556-562.

 31. Bergman Å, Andersson AM, Becher G, et al. Science and policy on endocrine disrupters must not 
be mixed: a reply to a “common sense” intervention by toxicology journal editors. Environ Health. 
2013;12:69.

 32. Kortenkamp A, Martin O, Faust M, et al. State of the Art Assessment of Endocrine Disruptors Final 
Report. Brussels: European Commission; 2011:442. ProMED-mail website. http://ec.europa.eu/envi-
ronment/chemicals/endocrine/pdf/sota_edc_final_report.pdf. Accessed August 20, 2020.

 33. Zoeller RT, Brown TR, Doan LL, et al. Endocrine-disrupting chemicals and public health protection: 
a statement of principles from the Endocrine Society. Endocrinology. 2012;153(9):4097-4110.

 34. Jansen  TA, Korevaar  TIM, Mulder  TA, et  al. Maternal thyroid function during pregnancy and 
child brain morphology: a time window-specific analysis of a prospective cohort. Lancet Diabetes 
Endocrinol. 2019;7(8):629-637.

https://doi.org/10.1210/jendso/bvaa085
https://www.europarl.europa.eu/RegData/etudes/STUD/2019/608866/IPOL_STU(2019)608866_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/STUD/2019/608866/IPOL_STU(2019)608866_EN.pdf
http://ec.europa.eu/environment/chemicals/endocrine/pdf/sota_edc_final_report.pdf
http://ec.europa.eu/environment/chemicals/endocrine/pdf/sota_edc_final_report.pdf


doi: 10.1210/jendso/bvaa085 | Journal of the Endocrine Society | 7

 35. Korevaar  TIM, Tiemeier  H, Peeters  RP. Clinical associations of maternal thyroid function with 
foetal brain development: Epidemiological interpretation and overview of available evidence. Clin 
Endocrinol (Oxf). 2018;89:129-138.

 36. Zoeller RT, Bergman A, Becher G, et al. A path forward in the debate over health impacts of endocrine 
disrupting chemicals. Environ Health. 2015;14(1):118.

 37. Bergman  A, Heindel  JJ, Jobling  S, Kidd  KA, Zoeller  RT, eds. State of the Science of Endocrine 
Disrupting Chemicals 2012. Geneva, Switzerland: World Health Organization; 2013.

 38. Arnold AP, Breedlove SM. Organizational and activational effects of sex steroids on brain and beha-
vior: a reanalysis. Horm Behav. 1985;19(4):469-498.

 39. Silbergeld EK, Flaws JA, Brown KM. Organizational and activational effects of estrogenic endocrine 
disrupting chemicals. Cad Saude Publica. 2002;18(2):495-504.

 40. McCarthy MM, Wright CL, Schwarz JM. New tricks by an old dogma: mechanisms of the organiza-
tional/activational hypothesis of steroid-mediated sexual differentiation of brain and behavior. Horm 
Behav. 2009;55(5):655-665.

 41. Wallen K. The organizational hypothesis: reflections on the 50th anniversary of the publication of 
Phoenix, Goy, Gerall, and Young (1959). Horm Behav. 2009;55(5):561-565.

 42. Patisaul HB, Belcher SM. Endocrine Disruptors, Brain, and Behavior. Oxford: Oxford Univ. Press; 
2017.

 43. Frye  CA, Bo  E, Calamandrei  G, et  al. Endocrine disrupters: a review of some sources, effects, and 
mechanisms of actions on behaviour and neuroendocrine systems. J Neuroendocrinol. 2012;24(1):144-159.

 44. Gore  AC, Martien  KM, Gagnidze  K, Pfaff  D. Implications of prenatal steroid perturbations for 
neurodevelopment, behavior, and autism. Endocr Rev. 2014;35(6):961-991.

 45. United States Environmental Protection Agency. Guidelines or Neurotoxicity Risk Assessment. 
Washington, D.C.: U.S. Environmental Protection Agency; 1998.

 46. Mandrup K, Boberg J, Isling LK, Christiansen S, Hass U. Low-dose effects of bisphenol A on mam-
mary gland development in rats. Andrology. 2016;4(4):673-683.

 47. Vandenberg LN, Prins GS. Clarity in the face of confusion: new studies tip the scales on bisphenol 
A (BPA). Andrology. 2016;4(4):561-564.

 48. Schwarzman MR, Ackerman JM, Dairkee SH, et al. Screening for chemical contributions to breast cancer 
risk: a case study for chemical safety evaluation. Environ Health Perspect. 2015;123(12):1255-1264.

 49. Rudel RA, Fenton SE, Ackerman JM, Euling SY, Makris SL. Environmental exposures and mammary 
gland development: state of the science, public health implications, and research recommendations. 
Environ Health Perspect. 2011;119(8):1053-1061.

 50. US EPA Vocabulary Catalog. Integrated Risk Information Systems (IRIS) Glossary. 2012. ProMED-mail web-
site. https://ofmpub.epa.gov/sor_internet/registry/termreg/searchandretrieve/glossariesandkeywordlists/
search.do?details=&glossaryName=IRIS%20Glossary. Accessed August 20, 2020.

 51. Grandjean P, Barouki R, Bellinger DC, et al. Life-long implications of developmental exposure to en-
vironmental stressors: new perspectives. Endocrinology. 2015;156(10):3408-3415.

 52. Hessel EV, Ezendam J, van Broekhuizen FA, et al. Assessment of recent developmental immunotoxicity 
studies with bisphenol A in the context of the 2015 EFSA t-TDI. Reprod Toxicol. 2016;65:448-456.

 53. Betancourt AM, Wang J, Jenkins S, Mobley J, Russo J, Lamartiniere CA. Altered carcinogenesis and 
proteome in mammary glands of rats after prepubertal exposures to the hormonally active chemicals 
bisphenol a and genistein. J Nutr. 2012;142(7):1382S-1388S.

 54. Kolla S, McSweeney DB, Pokharel A, Vandenberg LN. Bisphenol S alters development of the male mouse 
mammary gland and sensitizes it to a peripubertal estrogen challenge. Toxicology. 2019;424:152234.

 55. Kortenkamp  A, Axelstad  M, Baig  AH, et  al. Removing critical gaps in chemical test methods by 
developing new assays for the identification of thyroid hormone system-disrupting chemicals-the 
ATHENA Project. Int J Mol Sci. 2020;21(9).

 56. Mamsen LS, Björvang RD, Mucs D, et al. Concentrations of perfluoroalkyl substances (PFASs) in 
human embryonic and fetal organs from first, second, and third trimester pregnancies. Environ Int. 
2019;124:482-492.

 57. Li LX, Chen L, Meng XZ, et al. Exposure levels of environmental endocrine disruptors in mother-
newborn pairs in China and their placental transfer characteristics. PLoS One. 2013;8(5):e62526.

 58. Renwick AG, Lazarus NR. Human variability and noncancer risk assessment–an analysis of the de-
fault uncertainty factor. Regul Toxicol Pharmacol. 1998;27(1 Pt 1):3-20.

 59. Hattis D, Baird S, Goble R. A straw man proposal for a quantitative definition of the RfD. Drug Chem 
Toxicol. 2002;25(4):403-436.

 60. Salmon A, Winder B, Brown J, Riveles K. Technical support document for the derivation of noncancer 
reference exposure levels. Appendix D. 2008;1:128-169. https://oehha.ca.gov/air/crnr/draft-technical-
support-document-noncancer-risk-assessment-jul-2008. Accessed August 20, 2020.

https://doi.org/10.1210/jendso/bvaa085
https://ofmpub.epa.gov/sor_internet/registry/termreg/searchandretrieve/glossariesandkeywordlists/search.do?details=&glossaryName=IRIS%20Glossary
https://ofmpub.epa.gov/sor_internet/registry/termreg/searchandretrieve/glossariesandkeywordlists/search.do?details=&glossaryName=IRIS%20Glossary
https://oehha.ca.gov/air/crnr/draft-technical-support-document-noncancer-risk-assessment-jul-2008
https://oehha.ca.gov/air/crnr/draft-technical-support-document-noncancer-risk-assessment-jul-2008

