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Abstract

The aim of this paper is to provide the reader with a view of the Endocrine Disruptor Chemical
(EDC) research field and its relevance to human health. My perspective is from working on the
effects of EDCs that act via the androgen (A) or estrogen (E) signaling pathways in a regulatory
agency for the last four decades with the objective of producing data that risk assessors could use
to reduce the uncertainty in risk assessment. In vitro and in vivo data from our studies has
contributed to regulatory agencies decision-making since the 1990s (https://www3.epa.gov/
pesticides/chem_search/cleared_reviews/csr PC-113201_7-Apr-98 238.pdf). From the start, we
were evaluating the utility of in vitro and short-term in vivo effects to predict the adverse effects in
developing animals [1; 2]. This approach has expanded greatly to include what is now known as
Adverse Outcome Pathways (AOP) and networks (AOPnN) [3; 4]. The AOP framework for the
effects of chemicals that disrupt androgen signaling during sexual differentiation of the fetal male
rat provides biological context for extrapolating mechanistic information from in vitro and in vivo
assays in rodents to other species including humans. Such an approach has biological validity
because the E and A pathways are highly conserved in vertebrates, including humans and
laboratory animals.
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1 Introduction

The development of life-stage and tissue-specific AOPs for EDCs can reduce the uncertainty
in extrapolating of the effects of EDCs from in vitro and in vivo studies in laboratory
animals to humans. When the key events (KEs) and molecular initiating event (MIES) in a
pathway are highly conserved among species, as is the case for the androgen (A) and
estrogen (E) signaling pathways, there is greater certainty that disruption of the pathway will
produce adverse developmental effects among the species. For example, (anti)androgenic
chemicals like the AR antagonist flutamide or the androgen agonist trenbolone [5] produce
species-typical alterations of the reproductive system in vertebrates [6], because the
androgen receptor (AR) pathway is highly conserved from fish to humans.

We are developing an AOP network that includes multiple “antiandrogen” AOPs because a
single AOP does not capture all molecular initiating events (MIE) and key events (KE) that
contribute to the disruption of male rat sexual differentiation (the adverse outcome pathway
(AOP)) (Figure 1) [7]. While some of the AOPs share common downstream events (KES),
others do not. Our goal is to develop assays that quantify MIEs and KEs in each AOP and to
establish the degree of perturbation needed to reach the next step thereby enabling us to
predict with reasonable accuracy the dosage levels of individual chemicals and mixtures that
cause adverse reproductive effects in male rat offspring after exposure during sexual
differentiation. At present we are able to predict the dose that produces F1 male rat
reproductive tract abnormalities from the suppression of fetal testosterone synthesis [7]. We
also are attempting to quantify KEs that are predictive for other AOPs in the “antiandrogen”
AOPN.

The initial identification of chemicals that disrupt the E and A pathways relies on execution
and interpretation of valid in vitro and short-term in vivo screening assays. The following
provides some background on the EDC field and value and limitations of certain screening
approaches.

Furthermore, we have found that downstream KEs like fetal testosterone production or
inhibition of androgen-dependent tissue growth are better predictors of adverse outcomes of
in utero phthalate exposure or AR antagonist exposure, respectively, than are the in vitro
assessment of MIEs. There is a much stronger quantitative relationship between the adverse
effects of AR antagonists in utero with the effects in an in vivo AR screening assay than
with assays of AR binding and in vitro gene expression.

2. Background on Endocrine Disruptors

Beginning in 1991, a series of workshops organized by Theo Colborn defined the term
“endocrine disruptor” and issued a consensus statement about the effects of EDCs on human
and ecosystem health [8]. Concerns about the potential effects of EDCs led to the passage in
1996 the Food Quality Protection and Safe Drinking Water Acts that mandated that EPA
establish a screening program for estrogens and other substances and in 1998, the Endocrine
Disrupter Screening and Testing Advisory Committee (EDSTAC) proposed an EDC
screening and testing strategy to the EPA. This approach was subjected to evaluation, assay
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validation and published for review in 2004 and in 2009 EPA announced the availability of
the screening battery (detailed time-line (https://www.epa.gov/sites/production/files/
2016-04/documents/edsp-timeline-042016.pdf).

3. Comments on the EDSP Tier 1 Screening (T1S) battery

3.1

3.2

3.3

3.4

The EDSP T1S battery contains 11 in vitro and short term in vivo assays to screen chemicals
for their ability to display estrogenic, (anti)androgenic, or (anti)thyroid (EAT) activities, or
inhibit the hypothalamic-pituitary-gonadal axis as it relates to EAT activity. (https://
www.epa.gov/test-guidelines-pesticides-and-toxic-substances/series-890-endocrine-
disruptor-screening-program).

Reports that the existing battery fails to detect the EAT activity for some chemicals have not
been substantiated and “better”, validated (robust, reproducible) short-term assays have not
been developed.

The current in vitro assays in the battery can be improved, replaced or enhanced using state-
of-the-art recombinant proteins [9]to assess receptor binding and new cell based assays that
can discriminate agonists from antagonists [10; 11; 12]. This would reduce animal use and
improve the quality of the data.

In vivo short-term assays are included due to current limitations of in vitro assays.

3.4.1—In vitro assays currently lack absorption, distribution, metabolism and excretion
(ADME), they do not account for tissue and species specific effects, MIEs are not known for
all adverse outcome pathways (phthalates, for example) and a significant percentage of the
“chemical universe” is not amenable to in vitro testing [13].

As a consequence of these limitations, we are unable to predict the in vivo effects of
antiandrogenic chemicals in the Hershberger Assay (HA) or in the male offspring exposed in
utero. In contrast, the HA results do enable us to predict the doses of AR antagonists that
disrupt male reproductive development in utero [14]. When in vitro ER and AR data are
from high through-put assays (HTS) one also need to consider the purity of the sample
(about 25% of the Tox21 samples evaluated to date are less than 90% pure and about 8% are
less than 5% pure), and some assays may not be optimized and the HTS data can display
considerable inter- and intra-assay variability [15]. In addition, some unlikely chemicals are
listed with “active” ER AUC model scores (defined as AUC>0.1) including trenbolone
(AUC=0.475), dihydrotestosterone (AUC=0.4), testosterone propionate (AUC=.392), propyl
thiouracil (AUC=.144), triiodothyronine (AUC=.135) for example (https://www.epa.gov/
endocrine-disruption/endocrine-disruptor-screening-program-edsp-estrogen-receptor-
bioactivity).
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3.4.2—In general, it appears that E and A in vitro assays have lower positive predictive rates
than negative predictive rates (there are more false positives than false negatives). In
addition, when multiple MIEs are affected in vitro it is not possible to predict which of these
will drive the toxicity in vivo [14].

4. Results from the EDSP T1S battery [16]

4.1

4.2

4.3

4.4

Since the first list of chemicals for screening was proposed in 2007 and publication of the
final T1S Test Guidelines in 2009, 52 chemicals have been screened using the T1S Battery.
(https://lwww.epa.gov/endocrine-disruption/endocrine-disruptor-screening-program-
timeline).

None of these displayed estrogenic activity whereas two were antiandrogenic (https://
www.epa.gov/endocrine-disruption/endocrine-disruptor-screening-program-tier-1-screening-
determinations-and).

Executing T1S was more resource intensive than expected and competent laboratories had
difficulty meeting some of the performance criteria described in the Test Guidelines [17].
Major issues arose from dose-setting for the in vivo assays. Overt-toxicity confounded
identification of EDC activity and some of the Test Guidelines contain erroneous
performance criteria.

Based upon an evaluation of the published literature we ([4; 18; 19]) proposed tiering the 11
T1S assays with two “gatekeeper” assays in the first tier. If these two assays were negative
then no other screening would take place. This concept, however, has not been rigorously
evaluated experimentally (Figure 2).

In summary, given the rate of progress since 2009 and the resources required to execute T1S,
it is uncertain how much useful data will be available for use in hazard identification and
risk assessment in the near term.

5. Unresolved issues in the field of EDC research

At present, the study of EDCs and other scientific fields are mired in debate in many areas
and it is unclear how science and regulation can move forward in a constructive fashion
without different groups beginning to discuss these differences of opinion in a constructive
manner.

5.1 Reproducibility of many EDC studies, or lack thereof

5.1.1—The scientific community has recently focused on the issue of reproducibility of
important research observations including studies on EDCs. There is increasing awareness
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that the results of many high-profile studies cannot be reproduced. As a result, a
Reproducibility Initiative was initiated as collaboration between Science Exchange, PLOS,
figshare and Mendeley to encourage journals to establish guidance for authors and peer
reviewers that assures the proper execution of studies and adequate peer review.

5.1.2—There should be mandatory reporting requirements in the methods of publications
that assure: 1) proper experimental design for multigenerational and transgenerational
studies, 2) proper statistical analyses of litter-based effects and lineage effects over
generations, and 3) proper documentation and reporting of chemical source, lot, purity, and
CAS numbers.

5.1.3—Finally, scientists should be objectively testing hypotheses, not attempting to prove
them, and there needs to be objectivity in interpretation of results that does not exaggerate
the significance of the findings.

6. Low dose exposures

The term “low dose” has several different definitions. In some cases, scientists are referring
to “environmentally relevant” levels of EDCs. However, not all “environmental” levels of
EDCs are low [20; 21; 22] [23; 24]. In other cases, scientists are referring to lowest dose
levels used in their experiment or dose levels below the no observed adverse effect level
(NOAEL), the reference dose (RfD), or acceptable daily intake (ADI). “Low dose” is a
useful descriptive term but authors need to define how they are using the term in their
publication or presentation.

7. Shape of the dose response curve in the “low” dose region (linear,

threshold or non-monotonic (NMDR))

The shape of the dose response curve in the low dose region has been debated since the late
1940s [25]. The debate originally focused on linear-no-threshold (LNT) vs threshold
responses in the low dose range for cancer and noncancer related effects. While it is
generally assumed that EDCs and other noncancer effects display thresholds for adverse
effects, the shape of the dose response curve in the low dose region (linear versus threshold)
cannot be addressed empirically because very low dosage levels of EDCs would require
infinitely large sample sizes to determine statistically significant differences in effect from a
zero dose control (OECD, 2012; ENV/JIM/MONO(2011)47). At a 2009 EPA funded
workshop [25], most “participants concluded that for population-level risk analyses, in the
absence of mode of action (MOA)-based dose—response models, the most appropriate low-
dose extrapolation approach for both cancer and noncancer end points is linear, no-threshold
extrapolation from the range of observed responses, recognizing the effects of population
variability as well as additivity to background disease and exposures on the dose—response
function”.

In addition, while statistically determined no observed adverse effect levels (NOAELS) are
useful in chemical hazard assessments, there can be molecular interactions occurring below
these values such that the NOAEL is not a “true” NOAEL. For example, we find that when
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we combine 15 to 20 chemicals below the NOAEL of each chemical, all of the male
offspring display reproductive tract malformations [26].

It has been proposed that EDCs represent a special category of toxicants that frequently
display “low dose” NMDR relationships [27] confounding the identification of NOAELs
and lowest observed adverse effect levels (LOAELS). Although the robust, multigenerational
dose response studies that address this question are generally negative, the dogma is widely
held in some EDC circles [28]. What is evident about E and A active chemicals is that they
can simultaneously induce both adverse and beneficial effects due to the widespread
expression of hormone receptors throughout the body and that the consequences of exposure
vary greatly among different life stages, sexes, and tissues. Clearly, all the effects of E and A
active chemicals are not adverse, as some are very beneficial.

NMDRs are frequently seen in vitro, but often they typically occur at high, not low,
concentrations and often result from cytotoxicity [29]. Although uncommon, there are robust
examples of NMDRs for adverse effects in vertebrates (e.g. [30] [31]) [32] [33]) (Figure 3).
However, there is little compelling evidence that when biologically plausible NMDRs are
found that these effects are adverse, low-dose effects that would alter the risk assessment of
an EDC [34]. The issue of NMDRs has been reviewed by the USEPA and currently being
reviewed by the NAS (http://dels.nas.edu/Study-In-Progress/Unraveling-Dose-Toxicity-
Case-Studies/DELS-BEST-14-07).

While there are a reasonable number of robust multigenerational studies with estrogens,
steroid synthesis inhibitors and antiandrogens that have included a broad range of dosage
levels including low to high dose levels, other EDC modes of action have not been
adequately studied. In addition, there is less information on the shape of the dose response
curve in in vivo EDC screening studies. It is noteworthy that in the 21 day fathead minnow
reproduction assay there are significant temporal changes in the biological response over
time [35].

We reviewed the literature on LNT, threshold and NMDR responses from case studies of
chemicals that disrupt reproductive development and function via the androgen (A) and
estrogen (E) signaling pathways [36] and reached the following conclusions (https://
www.epa.gov/sites/production/files/2016-01/documents/nmdr.pdf) [37; 38].

7.2 Conclusions about dose response for EDCs

. NMDR curves are biologically plausible and occur frequently /in vitro, but these
often occur at high concentrations that are not relevant /n vivo [39].

. EDCs induce some responses that appear to be LNT /n vivo (Fig 3).

. NMDR curves are more common in short- versus long-term exposures, with
upstream, mechanistic events versus downstream adverse effects [35].

. Different tissues can display different dose-related responses (LNT versus
threshold) to the same EDC (e.g. vinclozolin [40]).
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. When an adverse effects of an EDC is non-monotonic, other effects often display
monatonic responses at lower dosage levels.

. The shape of the dose response curve can be affected by several factors,
including life stage, route of exposure, target tissue, and species differences in
EDC pathways or ADME.

. A number of robust multigenerational studies of estrogens and antiandrogens
have been executed and NMDR curves are uncommon at low dosage levels.

. Multigenerational test guidelines can be enhanced on a case-by-case basis to
improve the sensitivity to low dose effects of some EDCs.

8. EDC testing

8.1 Reproductive test guidelines

Comprehensive testing for EDCs requires a full life-cycle evaluation. Studies that examine
male rat fertility require exposures that cover a minimum of a full cycle of spermatogenesis
and one-generation studies that do not include mating of the F1 to produce an F2 generation
fail to evaluate several potential developmental alterations in the F1 on mating behavior,
ovulation, implantation, pregnancy maintenance, parturition, lactation and maternal
behavior. In this regard, the National Toxicology Program has developed a new study design,
termed the modified one generation (MOG) reproduction study that includes measurements
of developmental and reproductive toxicity. Exposure starts during gestation, with a focus on
F1 animals, and the MOG is adequately powered to detect lower dose effects in the F1 [41].

8.2 Statistical power to detect low-dose effects

A number of publications have demonstrated that the current sample sizes used in
multigenerational and in vivo EDC screening tests lack sufficient statistical power to
statistically detect low incidence adverse effects (e.g. p< 0.05) ([42; 43; 44]). For example,
Blystone et al., (2010) [44] reported that examining all the males rather than one male per
litter in a multigenerational study of diethyl hexyl phthalate (DEHP) lowered the NOAEL an
order of magnitude.

8.3 Adequacy of endpoints in standard test guidelines to detect adverse low dose effects

While recent changes to multigenerational and one-generation protocol have improved the
ability of these test guidelines to detect some of the low dose effects for AR antagonists,
studies of EDCs with other modes of action could include additional endpoints to enhance
the ability to detect low dose effects. For example, proliferation of mammary tissue in the
male rat occurs with some estrogenic chemicals at dose levels below the endpoints currently
included in the protocols [45]. In addition, the more sensitive effects of androgens in utero
on the female reproductive tract including retention of male sex accessory tissues [46] and
the developmental effects of anti-thyroid chemicals are not typically evaluated in
multigenerational protocols.
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10. Mixture effects of diverse chemicals and incorporation of the best

available science into risk assessments

While there have been extensive discussions on the effects of mixtures of EDCs and there is
considerable agreement that EDCs that affect common target organs act generally in a dose-
additive manner regardless of the mechanism of action, there has not been a great deal of
regulatory action on this issue. Clearly, each individual has a unique exposure profile of
chemicals that act via a variety of modes of action but it is unclear if these exposures are
problematic.

11. Conclusions

The successful development of quantitative AOPns for EDCs requires the investigator or
teams of researchers to integrate 215t century in vitro and molecular tools with 20™ century
biology including toxicology, endocrinology, experimental design, statistics, histology,
anatomy, physiology, and biochemistry. In the absence of a comprehensive biological
perspective, computational toxicology of in vitro data sets can result in some rather
unrealistic MIE, KE and AO linkages in an AOP and biologically implausible predictions.

This article presents my views on the EDC field. The concerns and controversies expressed
above are not in any way unique to this field of research and do not in any way take away
from the great potential of this research to be on the forefront of toxicological risk
assessment. The study of AOPs and development of AOPns provides a framework for
incorporating cellular and molecular MIEs and key events into pathways that can be linked
to specific adverse reproductive outcomes in a quantitative manner and facilitates the
extrapolation of effects from EDC screening and testing studies to humans.
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COT Highlights

Extrapolation of EDC-induced cellular and molecular alterations into Adverse Outcome
Pathways and Networks can facilitate the extrapolation of “upstream” effects to
downstream adverse outcomes and can reduce the uncertainty in extrapolation of effects
in vitro and animals studies to humans and other species.

Understanding the strengths and limitations of EDC screening and testing approaches
Near-term steps to improve EDC screeging and testing

Controversies in the EDC field of research

. Reproducibility of many studies on the developmental effects of EDCs
. Study design, statistical analysis, objective data interpretation
. Low dose effects of EDCs: Linear not threshold, threshold or nonmonotonic?
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Chemical Structure
and Properties
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Figure 1. Antiandrogen AOP network (and Graphical Abstract)
Adverse outcome pathway network for disrupted androgen- and insulin-like hormone 3

(INSL3)-dependent reproductive development in male rats. The first column of the AOP
network identifies three classes of chemicals known to disrupt the androgen-signaling
pathways via three different mechanisms of action. Different colored arrows indicate the
pathway through which each set of chemicals exerts its affects: ...blue arrows, androgen
receptor (AR antagonists); green arrows, dual mechanism of action chemicals (AR
antagonists and steroid enzyme inhibitors); and red arrows, phthalates (molecular initiating
event unknown, but known to inhibit fetal testosterone (T) production). [7] Abbreviations:
AR-androgen receptor; ARE- androgen receptor response element on target gene; mRNA-
messenger ribonucleic acid.
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Figure 2.
A potential approach to streamlining the eleven EPA, EDSP Tier 1 Screening assays based

upon a “weight of evidence” review of the literature on the effects of chemicals in the test
guideline protocols [4; 18]. In this approach, initially two “gatekeeper” assays, the fathead
minnow short-term reproductive test and the pubertal male rat assay, are conducted. If these
are negative, then no other screening is necessary. This relies upon the fish assay for the
detection of estrogens, and chemicals that inhibit steroidogenesis. Androgens and
antiandrogens and chemicals that alter thyroid function are detected in the pubertal male
assay. If either gatekeeper assay is positive (in the absence of overt toxicity) then additional
screening is triggered on a mode-of-action basis [4; 16; 18]. (abbreviations: T1S- EPA,
EDSP tier 1 screening assay battery; AR — androgen receptor; ARTA- androgen receptor
transcriptional antagonist assay; T — testosterone; PPS — preputial separation; LH —
luteinizing hormone; T4 — thyroxine; T3 — triiodothyronine; TSH — thyroid stimulating
hormone; FH — fathead minnow reproduction test; PM — pubertal male assay; E2 — 17 beta
estradiol; KT — ketotestosterone; H295R — cell line used to assess steroidogenesis in vitro.
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Robaire et al., 1979
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Figure 3.

Robust in vivo NMDRs and an apparent LNT dose response in vertebrate reproductive
tissues from Owens et al., 2006 [47], Robaire et al., 1979 [30], Phelps and Okoko et al.,
2011 [33] and Wolf et al., 2002 [32].

Upper left panel displays the dose-related responses of five androgen-dependent tissues
weighed after ten days of treatment with testosterone propionate (sc). These responses all
appear to be linear in the low dose range. The data are from the OECD interlaboratory
Hershberger Assay validation study conducted in 15 laboratories (n=90, with 6 rats per dose
per laboratory)

Upper right panel displays a nonmonotonic dose response (NMDR) in testis sperm counts
following long-term treatment with testosterone (sc implants). Testis weight also shows a
similar NMDR, whereas serum testosterone and LH did not.

Lower left panel displays a NMDR for the effects of methyl testosterone in the diet on the
sex ratio of Nile tilapia.

Lower right panel. In utero administration of testosterone propionate (sc) induces NMDRs
for reproductive tract malformations and mortality in female rat offspring. Mortality was
only seen in female offspring and only after puberty.
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