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Figure 1. Graphical abstract

ABSTRACT

Ethylbenzene (EB) was placed on List 2 for Tier 1 endocrine screening in the U.S. EPA’s two-tiered Endocrine
Disruptor Screening Program (EDSP) and was scheduled for evaluation under TSCA. Results of toxicology studies
on EB were used to evaluate estrogen, androgen, thyroid, and steroidogenic (EATS) endpoints by a Weight of
Evidence (WoE) methodology, as required by U.S. EPA and OECD guidelines for evaluating a chemical’s endo-
crine disruptive potential. The WoE method involved problem formulation, systematic literature search and selec-
tion, data quality evaluation, relevance weighting of endpoint data, and application of specific interpretive criteria.
Data on EB were sufficient to assess its effects on endpoints that would be expected to respond to chemicals that
operate via EATS modes of action (MoAs) in various screening assays (Tier 1) and toxicity tests (Tier 2) that
evaluate reproduction, development, and sub-chronic and chronic toxicity. In those studies, EB produced a pattern
of responses inconsistent with the responses that would be expected for hormones and chemicals known to operate
via EATS MoAs. Endocrine-sensitive endpoints that respond to EB administration generally do so only at dose
levels above its kKinetic maximum dose, indicating a lack of relevance to potential effects at lower dose levels in
either the test species or humans. This comprehensive WoE evaluation demonstrates that EB lacks the potential to
exhibit endocrine disruptive properties and cannot be deemed an endocrine disruptor or potential endocrine dis-
ruptor. Because this WoE evaluation was based largely on Tier 2-level studies of the type considered by the U.S.
EPA and OECD to be more definitive than results of Tier 1 EDSP screening results, no additional useful
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information would be obtained by subjecting EB to further endocrine screening. As such, further endocrine screen-
ing of EB would be unjustified from animal welfare perspectives. This analysis supports a regulatory decision to
halt further testing of EB for endocrine disruption unless unique and compelling data to the contrary arise.

Keywords: Ethylbenzene, endocrine disruptor, data quality, mode of action, weight of evidence, estrogen agonist,
estrogen antagonist, androgen agonist, androgen antagonist, thyroid inhibition, steroidogenesis

Abbreviations

AMA Amphibian Metamorphosis Assay

ARBA  Androgen Receptor Binding Assay

ATSDR Agency for Toxic Substances and Disease
Registry

CASRN Chemical Abstracts Service Registry
Number

CCL3 Third Contaminant Candidate List

CompTox Computational Toxicology Dashboard

DART  Developmental and Reproductive
Toxicology

EATS Estrogen, Androgen, Thyroid, and
Steroidogenesis

EDSP Endocrine Disruptor Screening Program

EDSP21 Endocrine Disruptor Screening Program for
the 21st Century Dashboard

ERBA  Estrogen Receptor Binding Assay

ERTA  Estrogen Receptor Transactivation Assay

EU European Union

FSTRA  Fish Short-Term Reproduction Assay

HSDB  Hazardous Substances Data Bank

ICys Inhibitory Concentration 25 %

IPCS International Programme on Chemical
Safety

KMD Kinetically-derived maximum dose

LABC  Levator ani bulbocavernosus muscle

LOEC  Lowest observable effect concentration

NOEC  No observable effect concentration

MoA(s) Mode(s) of Action

NTP National Toxicology Program

OECD  Organization for Economic Cooperation
and Development

OSRI Other Scientifically Relevant Information

RfD(s)  Reference Dose(s)

TSCA  Toxic Substances Control Act

TSH Thyroid Stimulating Hormone

T4 Thyroxin

U.S. EPA United States Environmental Protection
Agency

WEEL(s) Workplace Environmental Exposure
Limit(s)

WHO World Health Organization

WoE Weight of Evidence

INTRODUCTION

Ethylbenzene (EB) is on the second list of
pesticides and industrial chemicals (“List 27)
prioritized for Tier 1 screening by the U.S.

EPA [June 14, 2013, 78 FR 35922] as de-
scribed previously (U.S. EPA, 2009a; Borgert
2023a). Depending on the results of Tier 1
screening, Tier 2 testing may be required
(U.S. EPA, 2011). Tier 2 test results are used
for human and ecological risk assessments
(Borgert, 2023a).

The Endocrine Disruptor Screening Pro-
gram (EDSP) differs from regulatory pro-
grams in the European Union (e.g., European
Parliament 2006, 2012) in critical ways. The
U.S. EPA regulates on risk rather than hazard;
the EDSP does not attempt to establish a
causal link between adverse effects identified
in Tier 2 and endocrine modes of action
(MoAs) identified in Tier 1; and the U.S. EPA
does not attempt to place a special label on
“endocrine disruptors,” which would require
satisfying the WHO/IPCS definition (WHO/
IPCS, 2002; WHO/UNEP, 2012). In contrast,
regulatory programs in the European Union
seek to affix qualitative “hazard” labels to
chemicals for purposes of classification and
labeling, irrespective of whether a causal link
can be established between an endocrine
MoA and adverse effects, as required to sat-
1sfy the “endocrine disruptor” definition. Due
to these differences, classification and label-
ing within the European Union may not align
with the scientific data or with determinations
of the U.S. EPA and other countries that reg-
ulate based on risk.

The U.S. EPA has modified the EDSP
Tier 1 screening battery since 2009 when it
was first applied to 52 chemicals on List 1
(List 1). The program, often referred to as
“EDSP-21” (Browne et al.,, 2015; Klein-
streuer et al., 2017), may be combined with
the results of exposure assessment models to
further increase the speed and efficiency of
endocrine assessments and prioritization of
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chemicals for endocrine screening (Rotroff et
al., 2013).

The Organisation for Economic Co-oper-
ation and Development (OECD) uses a
slightly different approach. Tiers 2 through 5
of its 5-tiered Conceptual Framework
(OECD, 2012) includes the eleven EDSP
screens and tests for potential endocrine
MoAs as well as general toxicology and car-
cinogenicity studies that evaluate adverse ef-
fects on endpoints that could be affected by
endocrine MoAs (OECD, 2012). Weight of
Evidence (WOoE) procedures are required by
the U.S. EPA (U.S. EPA, 2011) and OECD
(OECD, 2012) programs to evaluate a chemi-
cal’s potential for interaction with the endo-
crine system. Here, EB was evaluated by a
widely used WoE approach (Borgert et al.,
2011a), which was deemed appropriate for
evaluating the available scientific data rele-
vant to endocrine disruption (OECD, 2012). It
is important to appreciate that although this
analysis bears several similarities to a system-
atic review, e.g., in searching and selecting
literature according to previously defined cri-
teria, it is properly designated a WoE analysis
because it integrates data from diverse types
of studies, weighted according to relevance
and strength.

The U.S. EPA developed List 2, which in-
cludes 109 chemicals, through application of
exposure criteria and a public comment pro-
cess, as it did for List 1 (U.S. EPA 2009b;
Borgert, 2023a). The TSCA reform bill (U.S.
Public Law 114-182, June 22, 2016) includes
components of the EDSP in existing programs
for industrial chemicals. The U.S. EPA re-
cently released a prioritized plan for the
EDSP to comply with requirements of the
Federal Food, Drug and Cosmetics Act (U.S.
EPA, 2023) that will comprise a combination
of Tier 1 screening assays, EDSP-21 bioactiv-
ity screening results, and more definitive
studies as deemed necessary to make regula-
tory determinations of the potential for a
chemical to interact with estrogen, androgen,
thyroid, or steroidogenic pathways.

SCOPE AND PURPOSE

Irrespective of the regulatory program un-
der which a chemical is evaluated, it is antic-
ipated that there will be an opportunity for
manufacturers and importers to submit “other
scientifically-relevant information” (OSRI)
as was the case for the test orders released for
List 1 chemicals in 2009 and included in the
Agency’s near-term strategy (U.S. EPA,
2023; Borgert, 2023a). This report constitutes
an assessment of all scientifically-relevant
data available regarding the potential for EB
to act via EATS pathways and produce ad-
verse effects via those MoAs. It was con-
ducted consistent with the WoE methodology
of Borgert et al. (2011a, 2014) as was used
previously to evaluate styrene (Borgert,
2023a).

ORGANIZATION OF THE
EVALUATION

This evaluation first outlines the WoE
methodology used to evaluate EB, including
a description of the literature search and se-
lection criteria, the literature evaluation, and
the data compilation. Following the descrip-
tion of methods is a summary of “ToxRTool
evaluations of the studies that met selection
criteria, and a summary of EDSP-21 / Tox-
Cast™ results. Appendix A (at the end of this
article) lists the details of the ToxRTool eval-
uations of each study, by number, e.g., [1], so
that endpoint responses can be tracked by
study number throughout the evaluation. The
numbers are used in the next section to iden-
tify the studies from which data were ex-
tracted to evaluate the six EATS hypotheses,
along with a concise explanation of the end-
point responses relevant to each hypothesis.
The numbers also identify the studies corre-
sponding to each endpoint response, which
are listed by hypothesis in Supplementary Ta-
bles 1-6, and a summary of the results is pro-
vided in Supplementary Table 7. Additional
information about this WoE analysis is found
in Supplemental Materials A—C.
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METHODS
Literature search and selection

Literature search

The literature search strategy was con-
ducted using the same search terms published
previously (Borgert, 2023a), except that the
CASRN (Ethylbenzene / 100-41-4) was used
instead of chemical identifiers for styrene.

Literature and data selection

The literature identified by the search
strategy was initially triaged for separation
into three categories according to whether the
studies were Apparently Relevant, Possibly
Relevant, or Apparently Not Relevant, as
published previously (Borgert, 2023a). In
June of 2024, a literature search update was
conducted, and 56 additional studies were
evaluated. A comprehensive list of literature
evaluated is provided in Supplemental Mate-
rial A. Only publications meeting the inclu-
sion criteria published previously (Borgert,
2023a) were considered for the WoE evalua-
tion. No studies were excluded because of low
data quality however, data quality was con-
sidered in evaluating the overall WoE for
each hypothesis.

The goals of data selection for this WoE
evaluation were identical to those described
previously for styrene (Borgert, 2023a). The
criteria used were broad to ensure that the
WOoE evaluation included all of the data that
might inform EATS MoA; consequently,
these may be too broad to be useful for other
purposes. For example, even though some
routes of exposure are more relevant than oth-
ers for risk assessment, route of exposure was
not an exclusion or inclusion criterion for this
WOE. Studies were not excluded based solely
on the use of excessively high doses even
though endocrine MoAs may be obscured by
systemic toxicity at high doses (Marty et al.,
2018; Slikker et al., 2004; Borgert et al.,
2021). Problems inherent to the use of high
doses have been discussed previously (Bor-
gert et al., 2021) and are germane to WoE
evaluations. This evaluation followed the
logic and criteria applied previously (Borgert,
20233).

The homeostatic role of the endocrine sys-
tem and the fact that healthy physiological
functioning is supported by wide ranges of
normal endocrine organ weights and hormone
levels creates a situation whereby values may
be statistically significant compared to con-
current controls within a particular study, yet
not indicative of adverse effects because they
are within normal ranges based on historical
control data for the test species. These factors
and the broad inclusion criteria applied tend
to bias this evaluation toward a false positive
conclusion. Hence, this WoE methodology
could reach only provisional conclusions that
a chemical exhibits potential endocrine activ-
ity. On the other hand, this approach to data
selection results in a high level of confidence
in negative conclusions regarding the possi-
bility that EB exhibits EATS activity. Few
data were excluded by this literature search
and data selection strategy, and the data gaps
that exist did not prohibit a valid WoE deter-
mination.

Consideration of the kinetically-derived
maximum dose for EB

For purposes of this endocrine WoE eval-
uation, endpoint responses were not excluded
or discounted based on dose-response. The
conservatism of including endpoints regard-
less of the dose at which they respond is un-
derscored by a consideration of the Kinet-
ically-derived maximum dose (KMD) for EB,
as defined previously (Borgert et al., 2021).
The ability to identify a KMD for a chemical
indicates that above a certain dose, a funda-
mental change occurs in the organism’s abil-
ity to process a chemical, i.e., to absorb, dis-
tribute, detoxify, and eliminate it. Doses
above the KMD often produce toxicity that is
qualitatively different from toxicity produced
by doses below it (Borgert et al., 2021). In
practice, the KMD is estimated based on a
range that represents our uncertainty about the
precise location of the KMD (Burgoon et al.,
2022). Using published kinetic data on EB, a
KMD was recently identified (Burgoon et al.,
2023). The KMD range in rats was estimated
to be 8-17 mg/L venous EB, and in humans,
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from 10-18 mg/L venous EB. These blood

concentration ranges correspond to an inhala-

tion concentration of approximately 200 ppm

EB (Burgoon et al., 2023).

It is important to appreciate that endpoints
responding only at exposure levels above 200
ppm EB are unreliable for MoA analysis and
cannot be used to infer any specific MoA for
EB, including an endocrine MoA. For end-
point responses observable only above the
KMD, the MoA involves, and may solely de-
pend upon, high-dose dependent changes in
the kinetics of EB that do not confound end-
point responses that occur at doses well below
the KMD. Although all endpoint responses
were tabulated and used to evaluate the over-
all pattern of responses for each endocrine hy-
pothesis, the paucity of endpoints that re-
spond below the KMD for EB or 200 ppm un-
derscores that the conclusions reached are
highly conservative.

Of the dozens of endpoints evaluated
among thirteen studies included in this WoE,
only four endpoints, two in each of two stud-
ies, showed responses to EB exposure below
the KMD. A fifth endpoint from a third study
might be considered, but is dubious. Those in-
cluded:

1. The percentage of dead or resorbed fetuses
was increased in all EB-exposed groups in
rats (138, 276 and 553 ppm); however,
there was no significant difference in the
percentage of dead or resorbed fetuses in
EB-exposed mice or rabbits compared
with controls (Ungvary and Tatrai, 1985).

2. The mean age of acquisition of vaginal pa-
tency was reduced in all exposed groups
(25, 100 and 500 ppm EB) compared to the
concurrent control group in F1 female rat
offspring; similar differences were not ob-
served in the F, female pups. All mean val-
ues were comparable to the historical con-
trol mean value, and therefore, the authors
felt these differences were not biologically
important (Faber et al., 2006).

3. The percentage of weight-retarded male
and female fetuses was significantly
greater in rats exposed to EB at a concen-
tration of 553 ppm and in female rabbit

fetuses at 115 ppm compared with con-
trols, but there was no significant differ-
ence in mean fetal weights in mice exposed
to EB 3-4 hours/day intermittently at 115
ppm (Ungvary and Tatrai, 1985).

4. Absolute and relative thyroid weights were
increased (approximately 18-20 % and
statistically significant) in the Fo males ex-
posed to 100 and 500 ppm, but these in-
creases were not observed in the F1 male
group or in females exposed to the same
EB concentrations (Faber et al., 2006).

5. Statistically non-significant trends were
observed in the incidences of thyroid fol-
licular cell hyperplasia in mice in both
males (control: 21:50; 75 ppm: 21:50; 250
ppm: 29:50) and females (18:50, 23:50,
25:50). Relative to chamber controls, sta-
tistically significant increased incidences
were observed only in 750 ppm males
(32:50) and females (35:50). There were
no significant differences between control
and exposed rat thyroids upon histopatho-
logical examination (NTP, 1999).

Literature evaluation & data compilation

Data quality assessment

Data used for testing the MoA hypotheses
were subjected to a quality evaluation accord-
ing to their primary, secondary, and tertiary
validity as described previously (Borgert,
2023a; Supplemental Material in Borgert et
al., 2011a) consistent with international (e.g.,
OECD; U.S. EPA) toxicological guidelines,
as described (Borgert et al., 2016). Klimisch
et al. (1997) criteria were applied using the
ToxRTool scoring system created by the Eu-
ropean Center for the Validation of Alterna-
tive Methods (Schneider et al. 2009) and
causal relationships were evaluated consistent
with the U.S. EPA’s guidance on data quality
assessment (U.S. EPA 2011) and concepts
published previously (Borgert, 2023a; Bor-
gert et al., 2011a). Supplemental Material B
contains a brief description of each endpoint
used to evaluate each hypothesis, similar to
that published previously for styrene (Bor-
gert, 2023a).
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The literature search strategy used here at-
tempted to identify all data that might be in-
formative regarding an endocrine mechanism
of action underlying outcomes of EB expo-
sure. Because of its broad and exhaustive na-
ture, the literature search identified several
studies that were speculative or severely lim-
ited, and could not be ranked for relevance
consistent with the method (Borgert et al.,
2011a, 2014; Borgert, 2023a). Eight such
studies (Gong et al., 2018, 2023; Harrath et
al., 2022; Lei et al., 2023; Nakhjirgan et al.,
20199; Rouget et al., 2021; Werder et al.,
2019, 2020) were not used in this evaluation,
but are referenced as per the rationale de-
scribed previously (Borgert, 2023a), as ex-
plained briefly in Supplemental Materials C.

Weight-of-evidence methodology

The methodology used for this WoE anal-
ysis was designed to be broadly applicable
within any hypothesis-testing paradigm that
can be tested based on objective data (Borgert
et al., 2011a). This hypothesis-driven frame-
work was initially applied to endpoints meas-
ured by the U.S. EPA’s EDSP Tier 1 screen-
ing assays and involved hypotheses related to
interactions with specific endocrine MoAs
(i.e., EATS pathways). The methodology re-
quires weighting the importance of the data
with respect to their mechanistic relevance for
each hypothesized MoA. For these endocrine
WOE evaluations, endpoints were categorized
according to three ranks, and endpoint re-
sponses to the chemical were then interpreted
by an algorithm that sequentially considered
them in order of their importance to the hy-
pothesis. The rankings have been described
previously (Borgert et al., 2014), and have
been adapted to accommodate endpoints as-
sessed in long-term toxicity tests, consistent
with previously published data and ap-
proaches (Afarinesh et al., 2020; Andrews et
al., 2002; Biegel et al., 1998; Delclos et al.,
2009; Borgert, 2023a; Mihaich and Borgert,
2018; Mihaich et al., 2017; Neal et al., 2017,
NTP, 2010). Because endocrine screening as-
says do not determine whether a chemical
produces adverse effects by the endocrine

mechanism probed, they cannot determine
whether a chemical possesses endocrine dis-
ruptive properties.

The relevance rankings and their use in
evaluating endpoints was applied here as de-
scribed previously (Borgert, 2023a). The ra-
tionale and complexities are fully described
therein and are not repeated here. Many end-
points evaluated by this WoE method are rel-
evant to more than one hypothesis, consistent
with prior literature on endocrine screening
methods (EDSTAC, 1998; U.S. EPA, 2011;
Borgertet al., 2011a, b). It is important to rec-
ognize that the relevance rankings are specific
to each hypothesis, and that the relevance
ranking for an endpoint may differ across hy-
potheses. Because EB has been subjected to
extensive toxicity testing, but not to the EDSP
Tier 1 screening battery, there are several data
gaps for Rank 1 endpoints measured follow-
ing EB exposure. However, due to the large
amount of data from more definitive toxicity
studies, and the fact that a lack of response in
endocrine-sensitive endpoints is more in-
formative than a response (Borgert et al.,
2011a, 2014; Borgert, 2023a), the data gap
does not diminish this WoE evaluation.

Like styrene (Borgert, 2023a), the magni-
tude of the responses produced by EB was not
informative regarding EB’s potency via an
endocrine pathway because the data available
for this WoE evaluation comprise mostly api-
cal endpoints that can be affected by various
MoAs other than EATS. Statistically signifi-
cant non-monotonicity was not discounted,
but mechanistic interpretations would be ex-
tremely tenuous if based on apparent “trends”
that occur within the normal biological range
for hormone-sensitive endpoints, since those
endpoints can fluctuate for numerous reasons.
A more complete discussion of these issues
was published previously (Borgert, 2023a).

RESULTS - DATA SELECTION, DATA
QUALITY EVALUATION, AND HIGH-
THROUGHPUT SCREENING

Thirteen studies provided data useful for
determining whether EB can operate through
EATS MoAs (Appendix A). In Supplement-
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ary Tables 1-6, “Assay” (second column
from the left) means the general type of toxi-
cological study in which the endpoint was
measured. Similar endpoints are measured in
different types of studies, but the conditions
of those studies are often different. Therefore,
the same endpoint from different types of
studies may be included within the same MoA
table and in different MoA tables depending
on its relevance for evaluating the various en-
docrine MoA(s) that can affect it. This is im-
portant for understanding the discussion of
Supplementary Tables 1-6. Of the thirteen
studies, only Ungvéry and Tatrai (1985) [11]
differed significantly from guideline regula-
tory toxicology studies. Details are provided
in Appendix A.

ToxRTool summary

The Toxicological data Reliability Tool
known as ToxRTool (Schneider et al., 2009)
was applied to the thirteen studies used here.
Twelve of the thirteen studies used in this
evaluation [1, 2, 3,4, 5,6, 7,8, 9, 10, 12, 13}
met all ToxRTool reliability criteria (21 for in
vivo and 18 for in vitro studies). One publica-
tion (Mellert et al., 2007; [3]) lacks a descrip-
tion of histological findings, but those find-
ings were made available via the original
study report, and thus, this study merits a
score of 21 for the WoE evaluation. Tox-
RTool evaluation summaries are found in Ap-
pendix A, listed by study number as described
above. An explanation of deficiencies for
studies that did not meet all criteria is in-
cluded.

No studies were eliminated from consid-
eration or discounted based on ToxRTool re-
sults; however, ToxRTool informed the over-
all quality of the data selected for the WoE
and the interpretation of conflicting results
between studies. Because few studies re-
ported a response to EB and ToxRTool scores

! These references are marked with an exponent in the bibliography.

were similar regardless of whether an effect
was reported, interpretations were unaffected.

Results for Ethylbenzene in U.S. EPA’s
ToxCast™ high throughput and EDSP 21
assays

Results available for the U.S. EPA’s
CompTox Chemicals Dashboard and the Na-
tional Toxicology Program’s [NTP] Inte-
grated Chemical Environment [ICE]) show
that EB produced no reliable activity in the
Tox21 suite of high-throughput in vitro and in
silico assays. Those included assays for po-
tential agonism or antagonism via estrogen re-
ceptors, androgen receptors, thyroid hormone
receptors, thyroid stimulating hormone recep-
tors, and assays for aromatase inhibition.
However, these results are unreliable due to
the lack of EB detectable in the wells accord-
ing to the Tox21 Program (QC Grade: FNS —
no sample detected (biological activity unre-
liable), per ICE.

Although the U.S. EPA’s CompTox
Chemicals Dashboard returns a single active
hit call for the RXR receptor (not an endo-
crine endpoint) via the assay TOX21 RXRBLA
Agonist_ratio, the Tox21 Program noted that
no EB results are trustworthy due to quality
concerns. Data quality flags were not availa-
ble through the U.S. EPA’s Chemicals Dash-
board, but are provided in NTP’s ICE know-
ledgebase. More information on the chemical
QC can be found at
https://ice.ntp.niehs.nih.gov/DA-
TASETDESCRIPTION?section=cHTS and
in this download file from ICE
(https://ice.ntp.niehs.nih.gov/down-
loads/MOA/ChemicalQC.xIsx).

Both U.S. EPA’s Chemicals Dashboard
and ICE were accessed February 22, 2024.

The following charts were downloaded
from the Integrated Chemical Environment
(ICE) showing data quality flags for Tox-
Cast™ / Tox12 results (Figure 2).
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Figure 2: ToxCast / Tox21 data summary from the Integrated Chemical Environment (ICE) Database
showing interpretable results (Active / Inactive) and uninterpretable results (QC Omit and Flag Omit) for

ethylbenzene

RESULTS - ENDOCRINE WoOE
EVALUATION FOR EB

Evaluation of estrogen agonist MoA

Rank 1 endpoints for the estrogen agonist
MoA were not measured following exposure
to EB (Supplementary Table 1). For this anal-
ysis, responses to EB were available for 20
out of 53 potential Rank 2 endpoints that are
relevant for evaluating the estrogen agonist
MoA among five repeat dose toxicity studies
[1, 3,9, 10], five developmental toxicity stud-
ies [4, 5, 6, 11, 13], and one reproductive tox-
icity study [2]. One study [2] included both
reproductive and developmental endpoints,
and one study [13] included both repeat dose
and developmental endpoints; endpoints were
counted under a single category to avoid over-
counting. The analysis indicated that none of
the 20 endpoints exhibited consistent re-
sponses to ethylbenzene exposure, with 16
endpoints remaining unchanged across all
studies in which they were measured. Rank 2
endpoints that failed to respond in any study
in which they were measured included testes
atrophy and weight and histopathology of ep-
ididymides, ovaries, uterus, and vagina in

repeat dose toxicity studies; number of cor-
pora lutea and pre-implantation loss in devel-
opmental toxicity studies; and fertility, gesta-
tional length, number of implantations, litter
size, mating index, ovarian follicle count in
offspring, epididymal sperm counts, and time
to mating in a reproductive toxicity study.
Gross pathology, a Rank 3 endpoint, was un-
affected in one repeat dose toxicity study.
Only four endpoints responded to EB in
the direction expected for the estrogen agonist
MoA, but none were consistently changed
across studies (Supplementary Table 1). Epi-
didymis weight was decreased in mice but not
in rats in one repeat dose toxicity study [9].
Moreover, this occurred only at the highest
exposure concentration tested (1000 ppm)
and was not considered biologically signifi-
cant by the study authors since spermatid
counts, sperm motility, and caudal weight
were normal. In this study, other Rank 2 end-
points for the estrogen agonist MoA were un-
changed in either species, including testes
weight and histopathology of the epididymis,
uterus, and ovaries. Hence, in this study, EB
did not produce a pattern of responses
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consistent with activity via the estrogen ago-
nist MoA.

Supplementary Table 1 also shows that in
developmental toxicity studies, post-implan-
tation loss was unchanged in rats in three
studies [4, 5, 6], was increased in rabbits but
not rats in one study [13], and in rats but not
in rabbits or mice in another [11]. The lack of
consistency of the response of this endpoint
and its occurrence at high doses suggests that,
where observed, post-implantation losses
were due to general toxicity rather than to
changes in endocrine function. In the repro-
duction study [2], time to vaginal patency was
decreased in the Fy generation of female pups
for all exposed groups (25, 100 and 500 ppm
EB) relative to the concurrent controls, how-
ever, the differences are unlikely to be biolog-
ically significant because the mean values
were comparable to the historical control
mean value [2]. No change in time to vaginal
patency was observed in the F; offspring [2].
That study [2] found no change in ovarian fol-
licle counts or gestational length. Thus, the
slight but statistically significant decrease in
time to vaginal patency in one reproduction
study [2] provides no evidence of activity via
the estrogen agonist MoA. In the reproduction
arm of the same study, estrous cyclicity was
slightly reduced at the highest exposure con-
centration (500 ppm) in the parental (Fo), but
not in the Fy generation, however the differ-
ence is unlikely to be biologically significant
because all females in the exposure group cy-
cled normally and the cycle length was within
normal values for the strain of rat used in the
study [2]. This also fails to provide evidence
of activity via the estrogen agonist MoA.

In summary, even if the few positive re-
sponses in Rank 2 endpoints were to be con-
sidered biologically significant, the endpoints
that responded to EB are inconsistent with the
response pattern expected of a chemical that
acts via an estrogen agonist MoA. Supple-
mentary Table 1 shows that most Rank 2 end-
points measured for the estrogen agonist MoA
were consistently unaffected by EB, including
histopathology of the vagina, uterus, ovaries,
epididymides, as well as ovary weights in

repeat dose toxicity studies. In reproductive
toxicity studies, endpoints unresponsive to
EB include gestational length, ovary weight,
estrous cyclicity, time to mating, gross pathol-
ogy and histopathology of vagina and pros-
tate, and time to vaginal patency and ovarian
follicle count in offspring.

Although thirty-three of a possible fifty-
three endpoints relevant to the estrogen ago-
nist MoA were not measured in the available
studies, the high degree of consistency among
those endpoints that failed to respond to EB is
sufficient evidence to conclude that EB lacks
the potential to act via this endocrine MoA.
Not only is the pattern of endpoint responses
elicited by EB inconsistent with activity via
the estrogen agonist MoA, but several addi-
tional observations strengthen the conclusion.
A very low proportion of endpoints responded
to EB in any study and the magnitude of re-
sponse was small when observed. Although
statistically significant, some endpoint re-
sponses were unlikely to be biologically sig-
nificant because they were within the normal
range for the rodent test strain. Together with
the lack of consistency of any of those re-
sponses across studies, these observations
confer very high confidence in the conclusion
that EB lacks the potential to act as an estro-
gen agonist.

Evaluation of estrogen antagonist MoA
Responses to EB were not measured in
any Rank 1 endpoints for the estrogen antag-
onist MoA (Supplementary Table 2). Thirteen
of a possible twenty-six endpoints of Rank 2
relevance for the estrogen antagonist MoA
were evaluated among four repeat dose tox-
icity studies [1, 3, 9, 10], two developmental
toxicity studies [5, 13] and one reproductive
toxicity study [2] conducted with EB. Among
those studies, most Rank 2 endpoints meas-
ured for the estrogen antagonist MoA were
unaffected by EB. In two developmental tox-
icity studies, the number of corpora lutea were
unchanged. Additionally, no relevant end-
points, including testes weight and histo-
pathology of testes, epididymis, prostate,
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seminal vesicle, and ovaries were altered in
the four repeat dose toxicity studies.

Supplementary Table 2 also shows that in
a reproductive toxicity study, time to mating,
litter size, epididymal sperm count, and fertil-
ity were unaffected, but two endpoints were
altered in one of the two generations evalu-
ated. Time to vaginal patency was increased
in the Fy, but not in the F> generation. Estrous
cyclicity was slightly reduced at the highest
exposure concentration (500 ppm) in the pa-
rental, but not in the F; generation, however
the difference is unlikely to be biologically
significant because all females in the expo-
sure group cycled normally and the cycle
length was within normal values for the strain
of rat used in the study [2].

In summary, the available data provide
sufficient evidence to conclude that EB lacks
the potential to act as an antagonist in the es-
trogen pathway because the pattern of end-
points that responded to administration of EB
Is inconsistent with the pattern of responses
expected of a chemical with estrogen antago-
nist MoA. That conclusion is strengthened by
the lack of replication of responses across
studies, confounding due to other MoAs op-
erative at the excessively high doses required
to elicit responses when they were observed,
and the fact that many of the endpoints re-
sponded only at doses exceeding the KMD for
EB. Finally, although statistical significance
of the responses was established in compari-
son to concurrent controls, the biological sig-
nificance was not typically established by a
formal comparison to historical control val-
ues. Thus, there is very high confidence in the
conclusion that EB does not act as an estrogen
antagonist.

Evaluation of androgen agonist MoA
Responses to EB were not measured in
any Rank 1 endpoints for the androgen ago-
nist MoA (Supplementary Table 3). Eighteen
of a possible forty-seven Rank 2 endpoints
relevant for androgen agonism were meas-
ured among four repeat dose toxicity studies
[1, 3,9, 10], four developmental toxicity stud-
ies [4, 5, 6, 13], and one reproductive toxicity

study [2] conducted with EB. No endpoints
were altered by EB in repeat dose toxicity
studies in which sperm count, testes weight,
and histopathology of testes and ovary were
evaluated. EB slightly reduced litter size in
rabbits at the highest dose administered in one
developmental toxicity study [13] but had no
effect on rats or on any other endpoint in rab-
bits in that study. EB also did not alter any
endpoints relevant to an androgen agonist
MoA in four other developmental toxicity
studies in which litter size, sex ratio, and num-
ber of implantations were measured.
Supplementary Table 3 also shows that in
a reproductive toxicity study [2], no change
was observed in prostate weights of male off-
spring, sperm counts, sex ratio, time to mat-
ing, fertility, mating index, litter size, or num-
ber of implantations. Three endpoints were
different from controls, but the authors of the
study considered the changes too small to be
biologically meaningful. Time to vaginal pa-
tency was increased in F1 females in all expo-
sure groups compared with the control group,
however, mean values were comparable to
historical controls and thus, the change was
not considered to be biologically important.
No change in time to vaginal patency was ob-
served in the F> females. Estrous cyclicity for
the Fo was reduced compared to the Fo control
group in EB-exposed animals, however, this
change was biologically insignificant because
all females in this group were cycling nor-
mally, and their mean estrous cycle length
(4.0 £ 0.3 days versus 4.4 + 0.8 days) was
within the 4-5 day range for estrous cycles
normally exhibited by this strain of rat. Mean
estrous cycle length did not differ between
control and experimental F1 offspring. Time
to balano-preputial separation (PND 44.7 +
2.0) was unaffected in F. treatment groups. It
was reduced in the F; offspring only at the
highest exposure concentration (500 ppm)
compared to concurrent F1 controls (PND
43.5 + 2.2), however, this mean value was
close to the F, controls (PND 45.3) and to his-
torical control values from the conducting la-
boratory (PND 44.7), and, therefore, was not
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considered by the authors to be biologically
meaningful.

No endpoint relevant for evaluating the
androgen agonist MoA consistently re-
sponded to EB in any study or across studies,
and most endpoints failed to respond in any
study in which they were measured. Although
several endpoints were not measured that
would have provided relevant information,
there is sufficient evidence available to con-
clude that EB produces a pattern of endpoint
responses inconsistent with activity via the
androgen agonist MoA. Thus, there is high
confidence that EB does not act as an andro-
gen agonist.

Evaluation of androgen antagonist MoA

Responses to EB were not measured in
any Rank 1 endpoints for the androgen antag-
onist MoA (Supplementary Table 4). Seven-
teen of forty-five Rank 2 endpoints for the an-
drogen antagonist MoA were measured
among four repeat dose toxicity studies [1, 3,
9, 10] and one reproductive toxicity study [2]
conducted with EB. Histopathology of the ep-
ididymis, ovary, prostate, seminal vesicles,
testes, and uterus was unaffected by EB expo-
sure in repeat dose toxicity studies. In the sin-
gle repeat dose toxicity study in which it was
measured [9], epididymis weight was reduced
in mice, but not in rats. The decrease occurred
only at the highest dose and was not consid-
ered to be biologically significant since epidi-
dymis histopathology, spermatid counts,
sperm motility, and caudal weight were un-
changed.

Supplementary Table 4 also shows that
EB did not affect sperm count, sperm motil-
ity, prostate weight, gross pathology, time to
mating, fertility, and litter size in a reproduc-
tive toxicity study [2]. EB had no effect on
time to balano-preputial separation (PND
44.7 + 2.0) in F. treatment groups. EB re-
duced the time to balano-preputial separation
in F1 offspring, but only at the highest expo-
sure concentration (500 ppm) compared to
concurrent Fy controls (PND 43.5 + 2.2). The
reduced mean value, however, was close to
the F> controls (PND 45.3) and to historical

control values from the conducting laboratory
(PND 44.7), and, therefore, was not consid-
ered by the authors to be biologically mean-
ingful. Estrous cyclicity for the Fo was re-
duced compared to the Fo control group in
EB-exposed animals. However, this change
was biologically insignificant because all fe-
males in this group were cycling normally and
their mean estrous cycle length (4.0 £ 0.3 days
versus 4.4 + 0.8 days) was within the 4-5-day
range for estrous cycles normally exhibited by
this strain of rat. Mean estrous cycle length
did not differ between control and experi-
mental F1 offspring.

No endpoint relevant for evaluating the
androgen antagonist MoA consistently re-
sponded to EB in any study or across studies,
and most endpoints failed to respond in any
study in which they were measured. Although
twenty-eight Rank 2 endpoints (of 45 total)
were not measured (Supplementary Table 4),
the consistency of negative responses among
the seventeen endpoints that were measured
shows that the pattern of endpoint responses
elicited by EB is inconsistent with activity via
the androgen antagonist MoA. Thus, there is
high confidence that EB does not act via the
androgen antagonist MoA.

Evaluation of thyroid inhibition MoA

EB was not evaluated in Rank 1 endpoints
for the thyroid inhibition MoA, as shown in
Supplementary Table 5. Effects of EB were
measured in six of a possible twenty-one
Rank 2 endpoints for the thyroid inhibition
MoA among four repeat dose toxicity studies
[1, 3,9, 10], five developmental toxicity stud-
ies [4, 5, 6, 11, 13], and a reproductive tox-
icity study [2]. EB produced mixed results
among Rank 2 endpoints in repeat dose and
developmental toxicity studies, but the posi-
tive responses are likely to be caused by sys-
temic toxicity rather than via a thyroid MoA.
Six of a possible twenty-one Rank 3 end-
points were measured among six repeat dose
toxicity studies [3, 6, 7, 8, 9, 10], the repro-
ductive toxicity [2] and a developmental neu-
rotoxicity [12] study. This number of Rank 3
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results provide useful corroboration of Rank
2 results.

Among the Rank 2 endpoints measured,
only thyroid follicular cell histopathology and
thyroid weight reflect responses within the
thyroid gland itself (Supplementary Table 5).
Thyroid follicular cell histopathology was un-
changed in rats in four [1, 3, 9, 10] repeat dose
toxicity studies, unchanged in rabbits in one
[10] study, and unchanged in mice in two [9,
10] studies. In one repeat dose toxicity study
[1], a positive trend in follicular cell hyper-
plasia was identified as statistically signifi-
cant with chronic exposure of mice but not
rats, but only at the highest exposure concen-
tration of 750 ppm. Liver weight, a Rank 3
endpoint for potential thyroid activity, was
not measured in this chronic toxicity and car-
cinogenicity study [1], however, data sum-
mary tables and text from the report [1]
clearly state that in addition to thyroid gland
follicular cell hyperplasia, EB exposure in-
creased the incidence of syncytial alteration
of hepatocytes, hepatocellular hypertrophy,
and hepatocyte necrosis, and hyperplasia of
renal tubules and of the pituitary pars distalis,
at the highest dose administered to mice.
Therefore, it is likely that the thyroid follicu-
lar cell hyperplasia observed in mice in this
study was caused by a general non-specific
toxicity that leads to hyperplastic changes in
many organs and tissues, rather than through
a MoA involving the thyroid hormone path-
way or feedback system. It is well established
that many non-endocrine MoAs can produce
changes in endocrine endpoints (Marty et al.,
2018). Therefore, it is highly unlikely that this
endpoint response reflects a potential for thy-
roidal activity of EB.

Absolute and relative thyroid weights
were 18-20 % higher than concurrent controls
in Fo males exposed to 100 and 500 ppm EB
in a reproductive toxicity study [2], but these
increases were not replicated in the F1 male
group or among female animals [Supplemen-
tary Table 5, Rank 2]. Because this increase
occurred only in F1 males, the authors at-
tributed it to normal biological variation and
not to EB exposure. Histopathological

examination of the thyroid tissue was con-
ducted but pathology was not reported, imply-
ing that pathologic changes were not observed.
Therefore, it is unlikely that the increased thy-
roid weights were produced by a thyroid MoA.
Pup growth and survival, also Rank 2 end-
points for thyroid inhibition, were not af-
fected by EB in this study, further supporting
the interpretation that EB exerted no thyroid
activity in this study.

Liver weight increase, a Rank 3 endpoint
for the thyroid inhibition MoA when meas-
ured in repeat dose and reproductive toxicity
studies (Supplementary Table 5), was ob-
served with sub-chronic or short-term admin-
istration in mice and rats [9, 10], rats [3, 6, 7]
and mice [8], but not in rabbits [10]. Three of
these studies also evaluated histopathology of
the thyroid gland, but observed no changes [3,
9, 10]. The liver weight increases observed in
these studies occurred at the highest doses
tested, were reversible in all three studies and
were considered adaptive on two studies [6,
10]. In mice, the liver weight changes oc-
curred secondary to regio-specific liver en-
zyme induction [8]. Thus, there is no evidence
suggesting that EB increases liver weights via
a thyroidal or thyroid hormone-related MoA.
Other Rank 3 endpoints were unchanged by
EB exposure in a developmental toxicity
study [12], including auditory startle re-
sponse, motor activity, learning and memory,
and brain morphometry.

Fetal weight and fetal survival (Rank 2)
were reduced in rats and rabbits in some de-
velopmental toxicity studies with EB, but not
in others. Fetal weights were decreased in rats
at exposure levels of 1,000 ppm and greater
secondary to reduced maternal weight gain
and/or food consumption in some studies [4,
5, 6] but not in rats or rabbits in another study
[13]. In rats and rabbits but not in mice, expo-
sure to 552 ppm EB decreased fetal weights
[11], however, 552 ppm and lower concentra-
tions also resulted in aborted fetuses. There-
fore, this effect is likely to have been the re-
sult of systemic toxicity rather than to a thy-
roid MoA. Fetal survival was slightly reduced
in rabbits [11, 13] at high doses that may have
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produce maternal toxicity, but not in rats [4,
5, 6, 11, 13]. Thus, this consistency of nega-
tive responses among Rank 3 endpoints cor-
roborates that EB lacks the potential for activ-
ity via the thyroid MoA.

In summary, although Supplementary Ta-
ble 5 shows that some data gaps exist, the data
available from repeat dose, developmental,
and reproductive toxicity studies are suffi-
cient to allow evaluation of EB’s potential to
act via a thyroid MoA. Where changes were
elicited by EB in endpoints relevant to these
hypotheses, these were observed inconsist-
ently across studies, were within the normal
ranges for the test species, and occurred at
high doses. Effects on thyroid-relevant end-
points occurred secondary to high-dose, gen-
eralized liver toxicity. Therefore, the availa-
ble data indicate that EB lacks the potential to
cause effects via thyroid inhibition and there
is high confidence in this interpretation.

Evaluation of steroidogenic enzymes MoA
Of a possible 37 endpoints relevant for as-
sessing the potential to act via a steroidogenic
MoA, eleven were measured following expo-
sure to EB (Supplementary Table 6). Of those
ten endpoints, nine are Rank 2 endpoints and
one is Rank 3. Only estrous cyclicity (Rank 2)
responded to EB in a reproductive toxicity
study in rats [2]. Although estrous cyclicity
was slightly reduced at the highest exposure
concentration (500 ppm) in the parental, but
not in the Fy generation, the difference is un-
likely to be biologically significant because
all females in the exposure group cycled nor-
mally and the cycle length was within normal
values for the strain of rat used in the study
[2]. All other Rank 2 and 3 endpoints relevant
for assessing activity via the steroidogenic
MoA for which data were available were un-
affected by EB in repeat dose toxicity studies,
including histopathology of the ovaries, uteri
and testes [1, 3, 9, 10] and gross pathology
[3]. Sex ratio was unchanged in a develop-
mental toxicity study [5] and sperm count,
fertility, mating index, sex ratio, and number
of live births were unchanged in a reproduc-
tive toxicity study [2]. Although several data

gaps exist for the steroidogenic pathway
(Supplementary Table 6), there was a con-
sistent lack of response among the eleven
endpoints that were measured. This is suffi-
cient to provide a clear indication that EB
lacks the potential to cause effects by a
steroidogenic MoA.

In summary, the available data provide
sufficient and strong evidence that EB lacks
the potential to disrupt steroidogenesis be-
cause the pattern of endpoint responses elic-
ited by EB is inconsistent with this MoA. Alt-
hough data is lacking for several endpoints
that are relevant for evaluating the steroido-
genesis MoA, there is high confidence in that
conclusion due to the consistency of negative
responses across studies for the endpoints
measured. Therefore, it is unlikely that con-
ducting evaluations of these missing end-
points would reveal positive findings. Even if
a few positive findings were identified, it is
unlikely this would shift the weight-of-evi-
dence to support a potential for endocrine-me-
diated adverse effects.

DISCUSSION

This Weight of Evidence (WoE) evalua-
tion was carried out using an established
methodology (Borgert et al., 20114, b) that in-
corporates essential components for an unbi-
ased, transparent, and thorough analysis of the
potential for EB to act through EATS MoA:s.
Key elements of this evaluation include pre-
cise problem formulation, a systematic litera-
ture search and selection process based on de-
fined criteria, assessment of data quality using
published methodologies, consistent criteria
for weighting data relevance, and interpreta-
tion of findings in alignment with expected
response patterns produced by chemicals and
hormones that operate via these MoAs. The
methodology employed in data selection
yielded a dataset adequate for a comprehen-
sive WOE evaluation. While acknowledging
certain data gaps, there was sufficient infor-
mation available to evaluate the impact of EB
on most endpoints linked to EATS MOoAS in
the domains of reproductive toxicity, de-
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velopmental toxicity, and repeat dose toxicity
studies.

Several conceptual and methodological
limitations apply to WoE evaluations. A crit-
ical appraisal of WoE methods described sev-
eral deficiencies that are important to avoid
when developing a WoE framework (Krim-
sky, 2005). Krimsky asserts that many WoE
methodologies fall short of their intended ob-
jectives, which include improving the clarity
and transparency of evaluations, enhancing
the consistency of regulatory decisions, and
elucidating the foundational assumptions that
underpin these methodologies. He highlights
that the epistemic basis of WoE approaches is
often left ambiguous, leading to diminished
clarity and consistency, and potentially com-
promising scientific integrity and validity.
According to Krimsky (2005), the a priori as-
sumptions regarding the value of various evi-
dentiary modalities tend to rely on expert
judgments rather than empirical evidence, a
situation that may decrease scientific objec-
tivity. Frequently, the rationale behind expert
evaluations concerning the relative quality
and significance of different types of evidence
is inadequately articulated. Nonetheless,
these expert judgments are subsequently uti-
lized to arrive at binary or ternary conclusions
— “yes,” “no,” or “maybe” — which neces-
sitate distilling complex, detailed biological
data into simplistic dichotomous or triadic
variables that lack both contextual nuance and
clarity regarding their derivation methods. In
summary, Krimsky contends that the conclu-
sions drawn from WOoE are often the product
of a scientifically opaque process character-
ized by a lack of transparency and an overre-
liance on subjective assessment.

Rhomberg et al. (2013) reviewed WoE
methods and offered recommendations on
best practices. The extent to which the meth-
odology employed here avoids the criticisms
of Krimsky (2005) and achieves the practice
recommendations of Rhomberg et al. (2013)
can be evaluated against the epistemic foun-
dation of our method, which has been de-
scribed previously (Borgert et al., 2011 Sup-
plemental Materials). To summarize, we

discussed three levels of validity targeted by
the WoE methodology used here.

Primary validity: minimal epistemic status

To ensure the validity and reliability of
WOoE determinations, it is essential to assess
the overall quality of the data involved in the
evaluation process. Initially, one must con-
sider the minimal epistemic status, referred to
as 'primary validity' of the data (Borgert et al.,
2011a). This entails a thorough examination
of each study's results against the fundamen-
tal principles of scientific validity as articu-
lated in various commentaries and editorials
by Dr. Gio B. Gori, the former Deputy Direc-
tor of the Division of Cancer Cause and Pre-
vention at the National Cancer Institute (Gori
1999, 2001, 2002, 2009a, 2009b, 2010).

Dr. Gori emphasizes that for data to be re-
garded as established scientific facts, they
must conform to three critical criteria that un-
derpin the fundamental principles of scientific
inquiry: First, the identity and authenticity of
scientific measurements must be verifiable
within a specific range of precision. Second,
such measurements and observations must be
free from confounding influences that could
compromise their accuracy and precision.
Third, these measurements and observations
must be replicable by independent research-
ers.

These three principles are universally
acknowledged as the minimum requirements
for valid regulatory science in the United
States (Subcommittee on Energy and Envi-
ronment, 2010; Subcommittee on Health,
2010). These principles offer a clear and de-
finitive standard against which all data should
be evaluated for their suitability in WoE as-
sessments.

Although disarmingly simple, these three
tenets are critically important and powerfully
discriminative. To demonstrate the applica-
tion of tenets, the production of vitellogenin
in male fish serves as a prominent example of
putative environmental endocrine disruption.
The initial step is to ascertain that the study
accurately measures what it claims to within
a specified range of precision. This funda-
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mental principle inherently promotes a dis-
tinction between the measurement itself, and
the interpretations attributed to it. In this case,
the variable of interest is vitellogenin, typi-
cally quantified in blood plasma, though it
may also be detected in other tissues such as
the liver. Vitellogenin, a dimeric glycolipo-
phosphoprotein, functions as the egg yolk
precursor protein across all oviparous verte-
brates and can be quantified using several
methodologies (e.g., Alda and Barcel6, 2001;
Wheeler et al., 2005; Wu et al., 2006), each
subject to defined margins of error.

Despite its utility as a biomarker, causal
relationships between vitellogenin levels and
reproductive impairment, or effects on popu-
lations, remain unverified. In the absence of
such causal links, the presence of vitellogenin
in male fish cannot be conclusively associated
with "endocrine disruption” (Mills et al.,
2003; Mills and Chichester, 2005). Establish-
ing such causality necessitates additional ex-
perimental evidence derived from counterfac-
tual study designs. Furthermore, the experi-
mental conditions during which the measure-
ments are taken can be difficult to adequately
control. Apart from the methodological con-
trols pertinent to specific analytical tech-
niques, assessments of plasma vitellogenin in
male fish must account for baseline levels of
the protein within the study population, as
well as the influence of viruses known to im-
pact plasma vitellogenin concentrations in
both male and female fish (Trubiroha et al.,
2010). Additional variables may also need
consideration depending on whether the study
occurs in a controlled laboratory setting or in
the field.

Lastly, it is essential to evaluate whether
measurements have been replicated by inde-
pendent laboratories, which entails diverse in-
vestigators utilizing different instruments and
personnel. As shown by the cited literature,
the assessment of plasma vitellogenin in male
fish is generally reproducible in independent
laboratories, provided that appropriate exper-
imental and methodological controls and con-
sistent study designs are employed.

Secondary validity: data reliability and
transparency

WOE evaluations must prioritize the relia-
bility of reported data, which we have referred
to as ‘secondary validity’ (Borgert et al.,
2011a). According to Klimisch et al. (1997),
reliability is defined by the transparency and
comprehensiveness of data reporting. In the
context of in vivo studies, they recommend
placing more emphasis on studies that provide
extensive details regarding the test species,
the test substances (including purity and
origin), the number of animals studied, the ex-
tent of investigations conducted per animal
(e.g., clinical chemistry, organ weights, he-
matology, histopathology), observations of
changes or lesions, and relevant control and
historical control groups. Additionally, im-
portant factors such as test conditions, route
of administration, dosage schedule, and dose
concentration (along with analytical verifica-
tion) should be meticulously documented.

For in vitro studies, Klimisch et al. assert
that greater weight should be given to those
that articulate similar particulars concerning
the test substances, alongside information
pertinent to in vitro assays. This includes de-
tails about the test system and method, posi-
tive and negative controls, potential interfer-
ences with the methodology, and data on sec-
ondary effects that could sway results (e.g.,
solubility, impurities, pH fluctuations, osmo-
larity). Moreover, they emphasize the neces-
sity of similar information in ecotoxicity stud-
ies, as well as details regarding the life stages
of the animal subjects.

Given the potential for confounding fac-
tors in endocrine activity studies, additional
elements may be warranted for inclusion in
Klimisch’s framework. Such considerations
could encompass the composition of diets, the
materials used for water bottles and cages,
bedding, stressors like handling and manipu-
lation, and any other variables that might in-
fluence hormonal systems. Furthermore, it is
crucial to provide insights into the mathemat-
ical and statistical algorithms employed in an-
alyzing the data.
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Klimisch et al. (1997) assert that since
studies performed under Good Laboratory
Practices (GLP) in compliance with regula-
tory guidelines, referred to as "guideline stud-
ies," must document all pertinent information,
they should serve as reference standards for
assessing reliability. For guideline studies to
serve as reference standards, they should ei-
ther undergo rigorous validation processes,
such as those mandated by ICCVAM or
ECVAM?, or be extensively utilized to ensure
their performance is well-documented.
Klimisch et al. do not limit their highest reli-
ability rating (code) to guideline studies, but
acknowledge that any study that adequately
reports on these parameters should be priori-
tized over studies that do not, regardless of
adherence to regulatory guidelines or GLP.
Research characterized by enhanced rigor,
transparency, and accessibility of document-
ted data should be seen as more credible re-
gardless of the origin or setting of the study
(Schreider et al., 2010). The implementation
of uniform, objective criteria, as outlined by
Schneider et al. (2009), establishes a scientif-
ically robust foundation for allocating suita-
ble weights to all pertinent toxicity studies, re-
gardless of whether they are GLP or non-
GLP. The advantages of GLP have been ex-
amined in other sources (Borgert et al., 2016).

While the U.S. EPA’s endocrine screen-
ing battery includes guideline studies, certain
guidelines, like the uterotrophic assay, have
undergone rigorous Vvalidation programs,
whereas others inadequately fulfill the neces-
sary sensitivity and specificity to reliably dis-
tinguish between non-endocrine active agents
and active ones. Moreover, while their appli-
cation in the pharmaceutical sector confirms
that the binding assays and the uterotrophic
and Hershberger assays effectively identify
chemicals with significant hormonal activity,
it is yet to be established whether these EDSP
assays can differentiate weakly hormonal
chemicals in vivo from false positives, which
are substances that generate a signal in the

2 Interagency Coordinating Committee on the Validation of Alterna-
tive Methods (ICCVAM) and European Centre for Validation of Al-
ternative Methods (ECVAM)

assay but do not exhibit the anticipated hor-
monal activity in vivo. The Tier 1 EDSP can-
not be regarded as equally reliable as previous
guideline studies until further validation data
are obtained (Borgert et al., 2011). The U.S.
EPA issued testing orders for the screening
battery on 67 pesticide compounds, for which
substantial reproductive and developmental
toxicity data already exist. The initial screen-
ing phase may be seen as a validation step,
contingent upon the clarity of the data, as the
predictive value of the screenings can be as-
sessed by comparing them to the outcomes of
definitive guideline studies for these sub-
stances. In several cases, the need to revise
performance criteria was identified (e.g.,
Schapaugh et al. 2015).

Tertiary validity: relevance and probative
power of study design and causality

To establish that a chemical acts via a par-
ticular endocrine mode of action to produce
adverse effects, it is insufficient to rely solely
on the correlation between a Tier 1 screening
result and an effect observed in Tier 2 testing.
The evidential strength of the study design
must first be assessed, a characteristic that
may be referred to as 'tertiary validity'. Estab-
lishing a general causal link between the pu-
tative change in endocrine function and a neg-
ative outcome is crucial. In this context, an in-
itial demonstration of biological plausibility
IS necessary, but is itself insufficient to deter-
mine a causal mechanistic link. Due to exten-
sive knowledge of the procedures for induc-
ing effects in each Tier 1 EDSP assay, affirm-
ative results might inform the formulation of
a preliminary hypothesis concerning the
likely mechanism of action. Due to the uncer-
tainty surrounding these steps, it is fitting to
characterize this as a "working hypothesis of
the mode of action.” This will enable the for-
mulation of plausible working hypotheses on
the agent's impact on critical processes. After
formulating working hypotheses, the causal
linkages among the suggested mechanistic
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processes must be validated by counterfactual
experimental procedures. Counterfactual con-
cepts and methodologies for determining cau-
sality in pharmacology, toxicology, and epi-
demiology have been integrated into the as-
sessment of studies utilized in this WoE; how-
ever, significant uncertainty persists due to
the various issues associated with the neces-
sity of employing excessively high and irrele-
vant dose levels in toxicology studies (Bor-
gertetal., 2021).

No statistical analysis of literature on EB
was conducted to control for publication bias.
Tools such as Egger's regression test and fun-
nel plots are commonly employed in system-
atic reviews and meta-analyses to account for
the possibility that negative studies may go
unpublished, or that small sample sizes pro-
duced false-positives, which would leave the
impression that only positive or expected re-
sults were obtained. However, this WoE eval-
uation is not a meta-analysis or a meta-re-
view. Rather, it is a WoE analysis, as required
by both the OECD? and the U.S. EPA* for the
evaluation of endocrine disruptive potential,
and was conducted by a well-established
WoE methodology. Much of the data used in
this WoE evaluation were from guideline tox-
icology studies commissioned by the indus-
trial producers of EB in response to regulatory
requirements. By statute, the results of such
studies must be reported to regulatory agen-
cies irrespective of whether the results are
considered “positive” or “negative,” or
whether the data are also published in jour-
nals. For toxicology studies in general, publi-
cation bias towards positive results is the
greater risk (McCarty et al., 2012). The possi-
bility of unpublished negative results for
EB are a moot issue here because the extant
data yield a negative result, notwithstanding.
Thus, publication bias towards the negative,
as would be addressed by Egger’s regressions
tests and funnel plots, would not have affected
the conclusions of this WoE evaluation.

3 OECD (2018), Revised Guidance Document 150 on Standardised
Test Guidelines for Evaluating Chemicals for Endocrine Disruption,
OECD Series on Testing and Assessment, OECD Publishing, Paris.
https://doi.org/10.1787/9789264304741-en

The assessment of data quality involved
the careful selection of studies that fulfilled
the inclusion criteria and provided endpoint
data that could be ranked by relevance in ac-
cordance with the WoE methodology utilized.
The studies included underwent evaluation
using the established ToxRTool scoring sys-
tem. In the WoE evaluation, only a single
study [11] received a score below 21 (see Ap-
pendix A). The study's results were catego-
rized based on test species, distinguishing be-
tween responses and non-responses for each
endpoint. The literature assessed in this WoE
evaluation of EB demonstrates adequate qual-
ity, allowing for a credible determination with
a reasonable level of certainty that the find-
ings were not skewed towards a false-nega-
tive conclusion. The conclusions of this eval-
uation are supported by the systematic param-
eters applied in the literature and data selec-
tion process, the limited data gaps identified
in the existing literature, and the objective
methodology employed in this WoE assess-
ment, resulting in a high degree of confidence
in the findings. Supplementary Table 7 pre-
sents a comprehensive overview of the results
pertaining to endpoint responses across all six
mechanisms of action assessed.

The WoE methodology utilized in this
evaluation is distinctive as it ranks the evalu-
ated endpoints based on their significance for
testing each hypothesis. Optimally, relevance
rankings would rely on empirical evidence
that is adequate to compute both positive and
negative predictive values. In the absence of
such evidence, the rankings used herein rep-
resent the interpretations made by an expert
panel, grounded in empirical observations of
endpoint responses to established positive and
negative controls for each mechanism of ac-
tion (Borgert et al., 2014). The rankings vary
mainly in terms of the specificity and sensi-
tivity of the endpoints related to the hypothe-
sis being examined. The assessment of speci-
ficity was based on two criteria: first, the ex-
tent to which the endpoint accurately repre-

4 EPA US. (2011). Weight-of-Evidence: Evaluating Results of EDSP
Tier 1 Screening to Identify the Need for Tier 2 Testing. Office of
Chemical Safety and Pollution Prevention.
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sents a response of the physiological system
to the mechanism of action (MoA) being eval-
uated; and second, the extent to which the
endpoint can respond to MoAs that differ
from the one under investigation, particularly
those that are non-endocrine in nature. This is
a significant factor to consider in any assess-
ment of endocrine mechanisms of action, as
the endocrine system plays a crucial homeo-
static role in nearly every system it regulates,
including primary biological functions like
growth, development, reproduction, and me-
tabolism. As a result, endocrine pathways in-
fluence and are influenced by various non-en-
docrine physiological and biochemical pro-
cesses. Identifying direct and indirect effects
fundamentally depends on comprehending
the specificity of the response.

This WoE methodology addresses speci-
ficity by requiring an evaluation of the re-
sponse patterns associated with each MoA.
Patterns that deviate from the expected re-
sponses of known effectors and inhibitors are
interpreted as unlikely to signify activity
through that pathway. It is theoretically pos-
sible for an agonist or antagonist of a specific
hormonal pathway to demonstrate a novel
pattern of endpoint responses, aligning with
the “selective response modifier” concept of
hormone receptor interactions. However, a
limited number of response types have been
identified across various hormone receptor
systems, each corresponding to ligand-recep-
tor affinities, potencies, and the tissue distri-
bution of hormone receptors (see Borgert et
al., 2018 and references therein). Assessment
approaches that do not evaluate this funda-
mental aspect of hormonal action, such as the
key characteristic approach proposed by La
Merrill et al. (2020), have little utility for
identifying potential endocrine disruptors
(Borgert, 2023Db).

It is reasonable to consider the methodol-
ogy's effectiveness for a chemical that elicits
responses in more endpoints pertinent to a
specific hormonal mechanism of action com-
pared to EB, especially in Rank 1 and Rank 2
endpoints. The response patterns anticipated
for each mechanism of action necessitate

detailed examination, as do the possible influ-
ences of competing mechanisms on the end-
points, including hormonal mechanisms be-
yond the one being evaluated. While there ex-
ists potential for ligand-receptor interactions
among various hormonal receptors, receptor
specificity remains a significant characteristic
of the endocrine system. For example, alt-
hough androgens can bind and activate estro-
gen receptors at high concentrations, they do
not function as potent estrogens, and there-
fore, it is unlikely for a chemical to demon-
strate action by both modes concurrently.
When responses arise from different hormo-
nal MoAs, it is essential to consider the pos-
sibility of systemic toxicity as a common un-
derlying factor.

A thorough examination of response
weightings, as suggested by Borgert et al.
(2014), is likely essential for evaluation of
chemicals that produce responses in many
endpoints, despite the limited discussion here
due to the absence of a relevant response pat-
tern to EB. The application of response
weighting to elucidate the endocrine-disrup-
tive potential of a chemical exhibiting weak
responses in Rank 1 and Rank 2 endpoints has
been documented for octamethylcyclotetra-
siloxane (Borgert and Burgoon, 2025; Bor-
gert et al., 2018; Matthews, 2021). Response
weighting pertains to mechanistic potency, a
core principle of receptor, enzyme, and
transport kinetics relevant to the interactions
between biological macromolecules and all
small molecules, regardless of their endoge-
nous or exogenous nature.

The data concerning the potential endo-
crine activity of EB assessed in this study in-
dicate that it does not exhibit a pattern of re-
sults aligned with EATS MoAs and demon-
strates minimal or negligible potential for in-
teraction with EATS pathways. The lack of
potential for EB to operate through EATS
MOoAs is evidenced by the inconsistent re-
sponses observed in endpoints pertinent to
each EATS hypothesis, as well as the absence
of a response pattern suggestive of any MoA.
Supplementary Tables 1 to 6 present a range
of results concerning endpoints associated
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with potential EATS activity. Endpoint re-
sponses are rarely reported in isolation across
studies; when they are, such responses typi-
cally occur at high doses, which are compli-
cated by systemic toxicity and other MoAs.
The endpoint response patterns to EB, as in-
dicated in Supplementary Tables 1-6, do not
align with EATS activity. The absence of a
discernible pattern suggesting an endocrine
response among the MoAs assessed is signif-
icant. While some variability among endo-
crine modulators is anticipated due to the po-
tential for selective endocrine response modi-
fiers (e.g., Kuiper et al. 1999), even selective
responses should not be random or incon-
sistent with an endocrine mechanism, unlike
the responses noted with EB.

The data employed in this WoE evalua-
tion of EB are primarily from repeat dose,
sub-chronic, and chronic toxicity studies, i.e.,
OSRI, rather than from the mechanistic
screening assays included in the U.S. EPA’s
original EDSP Tier 1 and the lower tiers of the
OECD Toolbox (U.S. EPA, 2009a; OECD,
2012). This WoE evaluation for EB indicates
that further EDSP Tier Screens or OECD
screening-level assays would not provide ad-
ditional valuable information, as any re-
sponses observed would merely prompt the
types of studies and endpoint measurements
assessed in this evaluation, which demon-
strate a lack of potential endocrine activity
through EATS MoAs. Moreover, as only four
studies examining the reproductive and devel-
opmental effects of EB were conducted prior
to 2001, the dataset includes endpoints that
are sensitive to adverse effects potentially
arising from endocrine mechanisms. Conse-
quently, the Tier 2 data remain relevant and
comprehensive. The existing studies on repro-
ductive, developmental, and repeat dose toxi-
cology have evaluated the life stages deemed
most pertinent for assessing the adverse ef-
fects of EB that may result from any mode of
action, including endocrine disruption. Eco-
logical effects are not expected based on the
applications of EB, its physicochemical char-
acteristics, and its environmental behavior
and degradation. The limited potential for

obtaining useful information from further en-
docrine screening and testing of EB suggests
that justifying the use of additional animals
for this purpose is unwarranted.

The measurement of apical endpoints in
the repeat dose, sub-chronic, and chronic re-
productive toxicity studies with EB is of par-
ticular significance, as it encompasses many
Rank 2 endpoints evaluated in this context.
Responses in highly specific endocrine
screening assays (Rank 1) are not conclusive;
they suggest potential activity that requires
further investigation through definitive, long-
term studies. Apical endpoints, on the other
hand, indicate possible adverse effects that
may arise from either endocrine or non-endo-
crine pathways. A lack of response in apical
endpoints is more informative and should be
prioritized over a response. The absence of re-
sponse in apical endpoints anticipated to react
to endocrine modulators operating through
EATS pathways rules out both an endocrine
mechanism of action (MoA) and a non-endo-
crine MoA that indirectly influences the en-
docrine system. Conversely, a response sug-
gests the potential existence of an underlying
endocrine MoA for the observed effect. The
significant absence of response to EB in these
apical endpoints further emphasizes the
strong evidence indicating that EB does not
possess endocrine activity or endocrine dis-
ruptive potential.

Finally, the fact that only four endpoints
responded to EB exposure at levels below the
KMD for EB of 200 ppm (Burgoon et al.,
2023) underscores that the conclusions
reached here are highly conservative. Most
endpoint responses were observable only
above the KMD, making it highly likely that
the MoA by which they arise involves high-
dose-dependent changes in the kinetics of EB,
in effect, kinetic overload of the organism.
Since exposure levels below the KMD do not
produce kinetic overload, responses observed
only at exposure levels higher than the KMD
do not portend similar effects at doses below
the KMD, nor should they be used for risk as-
sessment or for making inferences about en-
docrine disruptive potential.
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CONCLUSIONS

Using an objective, pre-defined WoE
methodology, there is high confidence in the
conclusion that EB lacks the potential to pro-
duce adverse effects through (anti)estrogen,
(anti)androgen, thyroid, or steroidogenic
pathways. This conclusion is obligate because
there is an inconsistency across studies among
the few endpoints that responded to EB, but a
high consistency among endpoints that did
not respond to EB:

100 % failed to respond as an estrogen ag-
onist; 19 % responded inconsistently.

100 % failed to respond as an estrogen an-
tagonist; 14.3 % responded inconsistently.

100 % failed to respond as an androgen
agonist; 21.1 % responded inconsistently.

100 % failed to respond as an androgen
antagonist; 16.7 % responded inconsistently.

91 % failed to respond as a thyroid inhib-
itor; 50.0 % responded inconsistently.

100 % failed to respond as steroidogenesis
inhibitor; 9.1 % responded inconsistently.

Given that EB demonstrates no potential
to act through EATS pathways, it is biologi-
cally implausible for any adverse effects of
EB to arise via these endocrine MoAs. While
various endocrine mechanisms of action exist,
there is insufficient evidence to support a con-
tention that EB functions through endocrine
mechanisms not assessed in this study. Con-
sequently, EB cannot be classified as an en-
docrine disruptor, a potential endocrine dis-
ruptor, or as possessing endocrine disruptive
properties according to an objective assess-
ment of the available data. Thus, additional
endocrine screening of EB would be an inef-
ficient use of resources and animals, raising
ethical concerns regarding animal welfare at
this time. Further endocrine testing of EB is
unnecessary unless new and compelling evi-
dence for alternative endocrine mechanisms
of action is presented. Although this evalua-
tion for EB concentrated on OSRI as defined
by the U.S. EPA’s EDSP, the findings are also
pertinent to the regulatory assessment of en-
docrine disruptors in the EU, which aims to
identify chemicals that meet the WHO/IPCS

definition for labeling as “endocrine disrup-
tors.”
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Appendix A: ToxRTool Summary

ToxRTool
Study Number in Score
i_t;%?éir?eg ;z;ré/ Study Study Details (Mgg(()lltne;J m Deficiency/Comment
Text in vivo:(21)
in vitro:(18)
Groups of 50 male and 50 female Fischer rats and B6C3F1
[1] NTP | mice were exposed to ethylbenzene (EB) by inhalation at 0, 21 (21)
1999 | 75, 250, and 750 ppm 6 h per day, 5 days per week, for 104
weeks (rats) and for 103 weeks (mice).
Four groups of Crl:CD(SD)IGS BR rats (30/sex/group for Fo
and 25/sex/group for F1) were exposed to 0, 25, 100, and
500 ppm EB for 6 h/day for at least 70 consecutive days be-
fore mating. Inhalation exposure for the Fo and F; females
continued throughout mating, gestation through gestation
day (GD) 20, and lactation days (LD) 5-21. On LD 1-4, fe-
males received EB in corn oil via oral gavage at dose levels
Faber | of 26, 90, and 342 mg/kg/day (divided into three equal doses,
[2] etal., | approximately 2 h apart). Pups were weaned on postnatal day 21 (21)
2006 | (PND) 21 and exposure of the F; generation started on PND

22. Estimates of internal exposure were determined by meas-
uring EB concentrations in blood collected from F; dams
(4/group) and their culled pups 1 h after the last gavage dose
on PND 4. On PND 22, blood was collected from these same
F1 dams and their weanlings for EB analysis 1 h after a 6-h
inhalation exposure. The remainder of the F, generation was
not directly exposed.

503




EXCLI Journal 2025;24:479-507 — ISSN 1611-2156

Received: September 13, 2024, accepted: February 25, 2025, published: March 27, 2025

ToxRTool
Study Number in Score
i_t;%?éir?eg ;z;ré/ Study Study Details (Mgg(()lltne;J m Deficiency/Comment
Text in vivo:(21)
in vitro:(18)
In the published manuscript, the study results are not
transparent and complete for all endpoints investi-
gated. The publication lists histological examination
EB was administered to groups of male and female Wistar of th_e epididymides, marhmary gland (female gnly),
s _ ovaries, prostate, seminal vesicle, testes, thyroid
Mellert | rats by gavage for 4 (n = 5/ dose/sex) and 13 weeks (n = lands and uterus of the exposed and control animals
[3] etal., 10/dose/sex) (OECD 408) at doses of 0 (vehicle control), 75, 21 (21) g he findi q p ibed is th ’
2007 250, and 750 mg/kg bodyweight/day, administered am/pm ut the findings are not described, nor Is there a gen-
as half doses. era_l statement regarding these evaluatlo_ns. The pupl i-
cation thus warrants a score of 20, but since the origi-
nal study report contains this information and was
made available, the overall score for [3] is 21 for pur-
poses of this WoE evaluation.
The combined effects of EB and n-butyl acetate
were investigated. Groups of 18 bred rats (15— 18 preg-
nant) were exposed to vapors of EB or n-butyl acetate, sep-
Saillen- arqtely orin cornbin_ation, 6 h_ day—1, on days 620 of ges-
[4] fait et al tation. There were nine experimental groups: Control; 2_50 21 (21)
2007 " | or 1000 ppm EB; 500 or 1500 ppm n-butyl acetate or mix-
tures of 250 ppm EB + 500 ppm n-butyl acetate, 250 ppm
EB + 1500 ppm n-butyl acetate, 1000 ppm EB + 500 ppm
n-butyl acetate, or 1000 ppm EB + 1500 ppm n-butyl ace-
tate.
Saillen- Pregnant Sprague—Dawley rats were exposed to EB (EB; 0,
. 250, or 1000 ppm) and methylethylketone (MEK; 0, 1000,
[6] fait et al., ) 2 1 ] 21 (21)
2006 or 3000 ppm), alone and in combination, by inhalation, for

6 h/day, during days 620 of gestation.
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ToxRTool
Study Number in Score
i_t;%?éir?eg ;z;ré/ Study Study Details (Mgg(()lltne;J m Deficiency/Comment
Text in vivo:(21)
in vitro:(18)
In the neurotoxicity study, EB was administered orally via
7] Lietal., | gavage twice daily to Sprague-Dawley male and female rats 21 (21)
2010 | at 0, 25, 125, or 250 mg/kg per dose (total daily dosages of
0, 50, 250, or 500 mg/kg bodyweight/day) for 13 weeks.
Stott et Male and female Fischer 344 rats and B6C3F1 mice were
exposed to 0 or 750 ppm EB vapor 6 h/day for one or four
[8] al., X 21 (21)
2003 weeks. L_|vers from 6 (one—week_study) or8 (four—week
study) mice/sex/dose were examined and weighed.
Inhalation toxicity of EB was studied by exposing groups of
NTP et | seven-week-old F344/N rats and B6C3F1 mice of each sex
[9] al., to EB vapor at chamber concentrations of 0, 100, 250, 500, 21 (21)
1992 | 750, or 1000 ppm, 6 h per day, 5 days per week for 13
weeks.
Cragg et Mice_, rats and rabbits (five/sex/group) were exposed by in-
[10] al halation to EB vapors for 6_h/day, 5 days/week for 4 weeks 21 (21)
19{3’9 (20 exposures). Rats and mice received 0, 99, 382 or 782

ppm EB while rabbits received 0, 382, 782 or 1610 ppm.
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ToxRTool
Study Number in Score
Supplementary . (Maximum -
Tables 1-6 and Study Study Details Score) Deficiency/Comment
Text in vivo:(21)
in vitro:(18)
Information on the source/origin of the substance not
given; Information on the nature and/or physico-
Groups of pregnant CFY rats were exposed by inhalation of chemlt():;all fprope(;tl_es O; the test item, deemdedd!rjgls-
EB at 0, 138, 276 or 553 ppm for 24 h/day from day 7 to pensable for judging data, were not provided; Age or
T . body weight of the test organisms at the start of the
day 15 of gestation. Fetuses were evaluated on gestational S !
. . . study not given; Frequency and duration of exposure
, day 21. CFLP mice were exposed to inhalation of EB at 0, . . - S
Ungvary - as well as time-points of observations not explained;
115 or 230 ppm for 24 h/day (no data provided for these . . I X
and . . Insufficient details of the administration scheme
[11] A groups) or for 3-4 hours/day intermittently from day 6 to 15 11 (21) X ; ) . .
Tatrai, of preanancy. The fetuses were evaluated on estational given to judge the study; Achieved concentrations
1985 preg Y g not analytically verified or stability of the test sub-

days 18. NZ rabbits were exposed to 0, 115, or 230 ppm
EB for 24 h/day from day 7 to day 20 gestation. Fetuses
were examined on gestational day 30. The three rabbit does
in the 230-ppm dose group aborted.

stance not ensured; Study endpoints or their methods
of determination not clearly described; Description of
the study results for all endpoints investigated not
transparent; Statistical methods applied for data anal-
ysis not applied in a transparent manner; Quantitative
study results not reliable.
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Study Number in
Supplementary
Tables 1-6 and

Text

Study

Study Details

ToxRTool
Score
(Maximum
Score)
in vivo:(21)
in vitro:(18)

Deficiency/Comment

[12]

Faber
etal.,
2007

Four groups of Crl:CD(SD)IGS BR rats (30/sex/group for Fo
and 25/sex/group for F1) were exposed to 0, 25, 100, and 500
ppm EB for 6 h/day for at least 70 consecutive days before
mating. Inhalation exposure of the Fo and F; females contin-
ued throughout mating, from pregnancy through gestation
day (GD) 20, and lactation days (LD) 5-21. On LD 14, fe-
males received EB in corn oil via oral gavage at dose levels
of 26, 90, and 342 mg/kg/day (divided into three equal
doses, approximately 2 h apart). Pups were weaned on post-
natal day (PND) 21 and exposure of the F1 generation started
on PND 22. Estimates of internal exposure were determined
by measuring EB concentrations in blood collected from F;
dams (4/group) and their culled pups 1 hr after the last ga-
vage dose on PND 4. On PND 22, blood was collected from
these same F; dams and their weanlings for EB analysis 1 h
after a 6-h inhalation exposure. The remainder of the F, gen-
eration was not directly exposed.

21 (21)

[13]

An-
drew et
al.,
1981

Groups of 29-33 Female Wistar rats and New Zealand White
rabbits were exposed to 0, 100, or 1000 ppm EB for 7 h/day,
5 days/week for 3 weeks, then mated with unexposed males.
Pregnant females were further exposed to 0, 100, or 1000
ppm 7 h/day through gestational day 19 (rats) and 24 (rab-
bits).

21 (21)
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