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Structured approaches like the adverse outcome pathway (AOP) framework offer great potential for depicting
complex toxicological processes in a manner that can facilitate informed integration of mechanistic informa-
tion in regulatory decisions. While this concept provides a structure for organizing evidence and facilitates con-
sistency in evidence integration; the process, inputs, and manner in which AOPs and AOP networks are
developed is still evolving. Following the OECD guiding principles of AOP development, we propose three
AOPs for male reproductive tract abnormalities and derive a putative AOP network. The AOPs were developed
using a fundamental understanding of the developmental biology of the organs of interest, paying close atten-
tion to the gestational timing of key events (KEs) to very specifically inform the domain of life stage applica-
bility for the key event relationships (KERs). Chemical stressor data primarily from studies on low molecular
weight phthalates (LMWPs) served to ‘bound’ the pathways of focus in this dynamic period of development and
were integrated with the developmental biology data through an iterative process to define KEs and conclude
on the extent of evidence in support of the KERs. The AOPs developed describe the linkage between 1) a
decrease in Insl3 gene expression and cryptorchidism, 2) the sustained expression of Coup‐tfII and hypospadias
and 3) the sustained expression of Coup‐tfII and altered Wolffian duct development/ epididymal agenesis. A
putative AOP network linking AOP2 and AOP3 through decreased steroidogenic biosynthetic protein expres-
sion and converging of all AOPS at the population level impaired fertility adverse outcome is proposed. The
network depiction specifies and displays the KEs aligned with their occurrence in gestational time. The path-
ways and network described herein are intended to catalyze collaborative initiatives for expansion into a larger
network to enable effective data collection and inform alternative approaches for identifying stressors impact-
ing this sensitive period of male reproductive tract development.
1. Introduction

Structured frameworks like the adverse outcome pathway (AOP)
framework and associated AOP networks offer great potential for
depicting complex toxicological processes in a manner which can facil-
itate informed integration of mechanistic information in chemical
safety assessments (OECD, 2017, 2018; Villeneuve et al., 2014a). Con-
ceptually, the AOP framework organizes data into a series of biological
events spanning multiple levels of biological organization, providing a
hypothesized path between two anchors: a molecular initiating event
(MIE) and an adverse outcome (AO) (Ankley et al., 2010; Villeneuve
et al., 2014b; OECD, 2018). The pathway is then characterized using
key events (KEs) and key event relationships (KERs) (Villeneuve
et al., 2014a; Villeneuve et al., 2014b; Knapen et al., 2015). AOPs
are often constructed initially as unidirectional linear pathways from
MIE through AO. They are recognized to be oversimplifications of
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the complexity of the biological systems which they represent (Knapen
et al., 2018) but aim to depict how an explicit perturbation by any
stressor may lead to an adverse effect (i.e. they are chemically agnos-
tic). Because AOPs, as well as the components of each AOP, cannot be
considered in isolation, the interactions among pathways, stressors,
taxa, and life stages are critical to AOP development and also highlight
the importance of AOP networks. Networks are simply an assembly of
two or more AOPs that share one or more KEs and allow for better
accommodation of more realistic biological scenarios (OECD, 2018;
Knapen et al., 2018). They can depict all of the possible AOs resulting
from a given MIE, or all of the different MIEs through which a given
AO can be caused. Networks acknowledge that even a single stressor
may induce toxicity via multiple mechanisms and/or interact with
multiple targets, the outcome of which may be fully dependent on
the occurrence of the perturbation and sequence of events relative to
windows of biological exposure. In this way, networks can provide a
pragmatic representation of the biological complexity and highlight
all of the possible perturbation points through which stressors may
evoke AOs in a sensitive life stage.

Though AOPs capture the toxicodynamic portion of a toxicity path-
way and are therefore chemically agnostic, focusing on data from one
stressor “class” can be a useful means for defining or narrowing the
scope of an AOP/AOP network development effort. The term “rat
phthalate syndrome” (Foster, 2006) was coined to encompass a group
of effects observed in male rats from exposures to low molecular
weight phthalates (LMWP) (C3‐C6 backbone) during a critical devel-
opmental window of male sexual differentiation. These effects include
reproductive abnormalities characterized by malformations of the epi-
didymis, vas deferens, seminal vesicles, prostate, external genitalia
(hypospadias), cryptorchidism and testicular injury together with per-
manent changes (feminization) in the retention of nipples/areolae
(sexually dimorphic structures in rodents) and demasculinization of
the growth of the perineum resulting in a reduced anogenital distance
(AGD) (Foster, 2006). Despite decades of research on “rat phthalate
syndrome”, the understanding of relationships between conditions
and identification of early initiators remains obscure. For LMWPs, it
remains unclear if the multitude of effects are different manifestations
of a shared mechanism, have interrelated but diverging mechanistic
underpinnings, or represent outcomes of distinct biological pathways
that share a common window of developmental susceptibility and/or
common chemical trigger. Clarifying what is known and not know
about the connectivity between biological events and life stage appli-
cability of events during development will facilitate transferability of
the knowledge gleaned from these widely studied substances into
new applications such as informing chemical test strategies and alter-
native methods development.

To facilitate a more generalized and long term utility of the biolog-
ical response pathways embodied in “rat phthalate syndrome”, the
objective herein was to define AOPs and a putative network associated
with adverse male reproductive tract outcomes informed by develop-
mental biology and the life stage specificity of KEs. We took a targeted
approach that started with attaining a fundamental biological under-
standing of the pathways that could possibly lead to hypospadias,
cryptorchidism and epididymal agenesis. As these outcomes could
occur via a multitude of pathways, the next step involved evaluation
of the empirical evidence from primarily (but not exclusively) LMWP
data to further inform the causal linkages between KEs. The three
AOPs were subsequently combined in a simple putative AOP network
that aligns with the temporality of the underlying biological processes
specific to the androgen sensitive window of biological development.
Refining life stage applicability was a key focus of this effort and rec-
ommendations for improving information capture for AOPs relevant to
reproductive development were made. The AOP conceptual paradigm
recognizes the need for collaboration, interdisciplinary interaction and
presents itself as a “living” construct where AOPs and AOP networks
are modified, refined, and expanded as understanding and knowledge
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advances (Villeneuve et al., 2014a). The network described herein is
meant to serve as a starting point for network expansion efforts to
include additional MIEs and AOs relevant to this developmental win-
dow. Simplifying the complex developmental biology into a pragmatic
AOP network is an important first step towards identification of the
critical pathways and critical few network nodules important for
advancing alternative methods development for this susceptible life
stage.
2. Approach

2.1. AOP development

The focus of this effort was to develop AOPs in a manner compliant
with the principles and guidance set out by the OECD (OECD, 2018).
Systematic review guidance for AOP development was not available
at the onset of the project, and is, at the time of publication, still being
drafted. Systematic methods were considered and initially employed;
however, given the broad scope of the assessment, it was determined
that fully implementing such methods was not feasible. Rather, a tar-
geted approach which built on the existing knowledge base was used
to further elucidate the putative AOPs herein.

To define KEs and KERs in male rat reproductive tract abnormality
pathways, two comprehensive literature searches were conducted in
PubMed. Both search strategies captured rodent studies in primary
and secondary (i.e. review) articles with no date exclusion applied.
Citation mining was performed when relevant review articles were
identified. The first search captured mechanistic data related to devel-
opment of the reproductive tract in the rodent male programming win-
dow (MPW) and used key terms (e.g. development, hypospadias,
cryptorchidism, epididymal malformations) for the target organs (epi-
didymis, Wolffian duct, penis, testis). Articles of relevance were those
providing mechanistic insight to the normal and abnormal develop-
ment of the target organs of interest during gestation. The second
search captured studies evaluating the effects of LMWP exposure dur-
ing the MPW and used search terms such as phthalate and male repro-
ductive tract or hypospadias, or cryptorchidism, or androgen, or
testosterone, or epididymal agenesis, or testicular dysgenesis; or
phthalate syndrome. Articles were selected when the exposure
spanned the MPW, reported effects on the target organs, and/or pro-
vided mechanistic insight into phthalate mediated developmental tox-
icity. In some cases, studies reporting effects on the target organs from
exposures outside of the MPW were also captured to inform on the life
stage specificity of the KERs. Subsequent targeted investigative
searches were performed (in both the biology and toxicology fields)
to inform critical decision points (as described more below).

To establish AOPs, the molecular and cellular events that may lead
to cryptorchidism, hypospadias and epididymal malformations were
identified from the development biology literature and categorized
by level of biological organization and gestational timing. The timing
of in utero events are referred to as both embryonic day (E) and gesta-
tional day (GD) in the literature and these designations were used
interchangeably in this manuscript, as to retain the designations uti-
lized in the relied upon references. Based on the fundamental under-
standing of biology, more than one MIE could be responsible for
mediating the AOs. Therefore we narrowed our focus to defining the
KERs applicable to “rat phthalate syndrome” by initially considering
empirical evidence from the LMWP literature. Using an iterative pro-
cess of integrating data, KEs from the developmental biology literature
were ‘ruled in’ when evidence from the stressor literature supported it;
or KEs were ‘ruled out’ when counter evidence was present. When evi-
dence for a KE in relation to the entire AOP was minimal or con-
founded, targeted investigative literature searches were performed
and supporting information was assembled from either the develop-
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mental biology literature and/or non‐LMWP chemical stressors shown
to induce the AOs of interest.

2.2. Evidence integration and weight of evidence evaluation

Confidence in each AOP was established using the weight of evi-
dence (WoE) considerations per the recommendations in the OECD
AOP Developer’s Handbook (OECD, 2018). The first type of evidence
assembled as part of the AOP evaluation was biological plausibility.
Biological plausibility refers to the extent the relationship between
an upstream and downstream KE is supported by an understanding
of normal biological function (versus a response to a specific stressor).
Weight of evidence in support of biological plausibility for the KERs
was assessed consistent with the OECD handbook (OECD, 2018).

High: KER is well understood based on extensive previous docu-
mentation; established mechanistic basis and broad acceptance.

Moderate: KER is plausible based on analogy to accepted biological
relationships but biological relationship/scientific understanding not
completely established.

Low: empirical support for an association exists between KEs but
structural or functional relationship between KEs is not understood.

The second type of evidence assembled as part of the AOP evalua-
tion was the extent of empirical evidence for the KERs. The level of
empirical concordance for the KERs was assessed by determining
whether upstream KEs occurred at lower doses and earlier time points
than downstream KEs and/or the frequency and incidence of an
upstream KE was greater than the downstream KE at the same dose.
A quantitative characterization of the KERs was out of scope of this
effort. Rather focus was given to the qualitative evidence supporting
dose, temporal and incidence concordance of KERs (taking care to
identify where evidence was limited), and particularly to the concor-
dance across multiple KEs in support of the AOP. Weight of empirical
evidence for the KERs and AOP was assessed consistent with the OECD
handbook (OECD, 2018) as defined below:

High: there is dependent change in events following exposure to a
wide range of stressors (extensive evidence for dose, temporal and
incidence concordance) and few data gaps or conflicting data. In this
case, dose, temporal and incidence concordance had to be demon-
strated in a well‐designed study or when combining data across multi-
ple studies for at least three LMWPs. The number of studies reporting a
dose response effect of both observations for at least three LMWPs was
also considered.

Moderate: dependent change in events is demonstrated following
exposure to a small number of specific stressors and some evidence
inconsistent with the expected pattern that can be explained by factors
such as experimental design. In this case, dose temporal and incidence
concordance demonstrated in a well‐designed study for at least one
LMWP. The number of studies reporting a dose response effect of both
observations for two or more LMWPs was also considered.

Low: dependent change in events following exposure to a specific
stressor is identified in limited or no studies (i.e. endpoints never mea-
sured in the same study or not at all), and/or lacking evidence of tem-
poral or dose–response concordance, or identification of significant
inconsistences in empirical dataset that do not align with the expected
pattern for the hypothesized AOP.

Indirect (or “other”) observational evidence was also relied upon to
inform the extent of empirical evidence for KERs. This type of evidence
considered how the pattern of observations within the collective and
broad data set (e.g. across animal strains, stressors) supported or
refuted a given KER. Indirect evidence was considered in addition to
the empirical concordance determinants above for an overall conclu-
sion on weight of empirical evidence.

The biological plausibility and empirical evidence ratings were
assessed together to conclude on the overall support for the AOP. Bio-
logical plausibility ranks highest among the different types of evidence
used to support the AOPs (OECD, 2017, 2018) as it requires an under-
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standing of the structural and functional relationships in normal biol-
ogy and therefore weighted higher in the overall assessment. Empirical
evidence primarily reflected dose response/incidence and temporal
relationship data from studies with LMWP and therefore served to
increase confidence in the AOP. The available data did not allow for
assessment of the confidence in supporting data for essentiality of
KEs within the AOP. Experimental approaches for establishing essen-
tiality of KEs, such as genetic knockout animal models or genetic over-
expression models, underpin the basic developmental biology
understanding and, as such, were part of the biological plausibility
evaluation.

2.3. AOP network development

To establish an AOP network that respects the gestational timing of
KE/KERs, each AOP was evaluated for confluence of KEs, considering
both the nature of the KE as well as its temporal occurrence in devel-
opment. AOPs were linked through putative shared KEs as the basis to
define an AOP network.

The numbering for the MIEs, KEs, and AOs described herein refer to
the AOP network shown in Fig. 4. Supplementary Material provide
detailed descriptions of empirical evidence and biological plausibility
for KEs/KERs to facilitate independent assessment of the interpreta-
tions drawn in this analysis.
3. Results

3.1. AOPs

Male reproductive development is highly dynamic and complex. As
such, many perturbations of the system could possibly lead, in a causal
manner, to the AOs of interest. To narrow the scope, attention was
given to molecular and cellular perturbations during the male pro-
gramming window (MPW) of development (GD15.5–18.5) (Sharpe,
2020). LMWP literature largely shows the importance of GD
15.5–18.5 as the window in which the initiating event(s) that leads
to LMWP mediated AOs occurs (Howdeshell et al., 2017;
Kortenkamp, 2020); however, the timing of the other KEs in the out-
come pathways has been less rigorously defined. The time between
KEs in male reproductive development could be milliseconds, days
or in some instances months before the AO is realized. The alignment
of the KEs and KERs in the three AOPs described below aims to respect
gestational timing by carefully considering the window of chemical
exposure and life stage specificity of when observational measure-
ments were taken in the studies relied upon to build the AOP. In this
way, for example, testosterone levels measured in adulthood would
not be considered to provide much value in informing on hormonal
changes during gestation.

3.1.1. AOP1: INSL3 decrease to cryptorchidism
Cryptorchidism is an absence of one or both testes from the scro-

tum and reflects an alteration in the normal process of testicular des-
cent. Testicular descent is characterized as a 2‐stage process, with
each phase regulated by different hormones and anatomical mecha-
nisms. The first phase (transabdominal phase) beings around GD15.5
in rodents (Hutson et al., 1997, 2013, 2016; Klonisch et al., 2004)
and is characterized by regression of the cranial suspensory ligament
(CSL) and swelling of the gubernaculum to position the testes at the
bottom of the abdomen. In this phase, CSL regression is initiated by
testosterone (Amann and Veeramachanemi, 2007; Van der Schoot
and Emmen, 1996), and the swelling reaction in the gubernaculum
is stimulated primarily by insulin‐like hormone 3 (INSL3) with some
studies implicating secondary augmentation by androgens (Adham
et al., 2002; Bogatcheva et al., 2003; Gorlov et al., 2002; Nef et al.
1999; Overbeek et al. 2001; Tomiyama et al., 2003; Zimmerman
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et al., 1999). The second phase of testicular descent (inguinoscrotal
process) is largely controlled by androgens and occurs at approxi-
mately postnatal week 3 and involves movement of the testes from
the bottom of the abdomen to the base of the scrotum (Klonisch
et al 2004, Zimmerman et al., 1999).

In rats, gestational exposure during the MPW to dibutyl phthalate
(DBP) has been associated with increased incidence of cryptorchidism
(Welsh et al., 2008; van den Driesche et al., 2017; van den Driesche
et al., 2020). van den Driesche and colleagues (2017) exemplified
the window of susceptibility for initiating this AO showing exposure
to DBP during GD 15.5–18.5 only resulted in cryptorchidism, whereas
exposure to DBP during GD 19.5–21.5 did not (Fig. 1). This narrow
window of susceptibility implies the hormonal and anatomical mech-
anisms of relevance in deriving a pathway initiated by LMWPs and
leading to cryptorchidism are restricted to the transabdominal phase
of testicular descent (Hutson et al., 1997; Klonisch et al., 2004;
Amann and Veeramachaneni, 2007; Nation et al., 2011). Evaluation
of the events occurring during this phase of development as well as
observational data on LMWPs suggest a pathway with two KEs initi-
ated by an unknown MIE leading to one AO: 1) decreased Insl3 gene
expression; 2) agenesis of the gubernaculum ligaments; 3) cryp-
torchidism (AO) (Fig. 1).

The first known event in this pathway was decreased Insl3 gene
expression in Leydig cells of the testis (KE3) (Fig. 1). Developmental
biology studies support an essential role of this testicular factor in nor-
mal gubernacular outgrowth and testicular descent (Nef and Parada,
1999; Zimmermann et al., 1999). INSL3 interacts with relaxin‐family
peptide receptor 2 (RXFP2) to stimulate gubernacular growth through
an unclear mechanism (Bogatcheva et al., 2003). Developmental
expression of Insl3 transcripts coincides with the onset of testicular
descent with the transcript first detected as early as GD13.5 in mice
(Feng et al., 2009). INSL3 protein is first detectable in rats at
GD15.5, expression peaks at GD17.5–19 before returning to low levels
at GD 21.5 (McKinnell et al., 2005). Very little is known about the reg-
ulation of Insl3 in development hindering the ability to hypothesize
the upstream MIE for AOP1. One study implicated COUP‐TFII as being
an important regulator of Insl3 in Leydig cells (Mendoza‐Villarroel
et al., 2014). In this study, a significant decrease in Insl3 mRNA levels
and an absence of testosterone were apparent in mice with prepubertal
depletion of COUP‐TFII. LMWPs, however, are associated with
increased expression of COUP‐TFII (van den Driesche et al., 2012)
casting doubt on the role of COUP‐TFII as the MIE for this pathway.
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Two other transcription factors, SF‐1 and DAX‐1, have also been
shown to affect mouse Insl3 expression in vitro. SF‐1 enhanced Insl3
promoter activity and increased transcription whereas, DAX‐1 inhib-
ited promoter activity and decreased transcription of Insl3 (Adham
et al., 2004). In the rat testis, Insl3 has a relatively short promoter
region characterized by three putative binding sites for SF‐1 transcrip-
tion factors (Ivell and Bathgate, 2002; Sadeghian et al., 2005). It is
interesting to speculate that displacement of SF‐1 from the Insl3 pro-
moter via COUP‐TFII might create a common thread with AOP2; how-
ever data and mechanistic understanding are currently too limited to
support this as the MIE for AOP1.

The level of confidence in the KERs in AOP1 based on biological
plausibility is summarized in Table 1. The confidence in the KERs
downstream of the MIE is high, based on well documented mechanistic
understanding in the developmental biology literature that strongly
support a role for INSL3 and altered gubernacular development during
the transabdominal phase of testicular descent (Table 1). There is also
extensive literature describing and evaluating the ability of LMWPs to
induce cryptorchidism and the general consensus in this literature con-
cludes a role for INSL3 in mediating the effects (Foster, 2006; Wilson
et al., 2008; Howdeshell et al., 2015; Gray et al., 2016). The develop-
mental biology literature supports well the proposed KERs and a high
degree of confidence in AOP1.

The extent of empirical support for the KERs in AOP1 is summa-
rized in Table 1 and range from moderate to high. Though a dose
responsive effect following exposure to a small number of LMWPs is
supported for KE3, KE6 and AO1 (KE increased in incidence/severity
with increasing dose of phthalate, See Supplemental Table 1), empiri-
cal evidence to support concordance of KERs downstream from the
MIE ranged from low to high. One study with DPP, shows strong dose,
temporal and incidence concordance between Insl3 expression, guber-
naculum effects and testicular descent (Table 2) (Grey et al., 2016),
supporting high confidence in the AOP. As all KEs were very rarely
measured in a single study, concordance of KEs for a wider range of
LMWPs was assessed by compiling observations from multiple studies
(Supplemental Table 2). The low frequency of observations for KE6 in
this data set was a notable limitation in the confidence assessment of
KER concordance. Variation in experimental design, measurement
methods, and measurement time points also challenged the calibration
of these data. Overall, concordance between KEs was moderately sup-
ported when combining data across multiple studies for DBP and
DEHP, and not well supported for BBP (likely due to limited data).
Inguinoscrotal descent
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Table 2
Dose, temporal and incidence concordance of KEs in AOP1. Observations as
reported by Gray et al. (2016) on dipentyl phthalate (DPP) support concordance
of KEs. A dash (−) indicates no effect; a plus (+) indicates effect observed;
number of pluses indicates increased severity/incidence. Severity/incidence of
effect weighting are provided as part of Supplemental Table 2. An AOP
supported by empirical data shows early events occurring at lower doses and
with higher severity than later events. GD = gestational day; mo. = months.
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Indirect (or ‘other’) empirical evidence from the broad biological data
set depicts a pattern of observations consistent with the KERs and
includes 1) Wistar rats exposed to LMWPs had a higher incidence of
gubernacular lesions and lower Insl3 mRNA levels compared to Spra-
gue Dawley rats with a higher level of Insl3 and no gubernacular
lesions; 2) LMWP‐exposed rat phenotype was identical to that
observed in Insl3 KO mice which displayed freely moving testes that
were not attached to the abdominal wall by the CSL or gubernaculum;
3) undescended testes and gubernacular malformations co‐occurred in
adult male Sprague‐Dawley rats exposed in utero to a mixture of
phthalates (Supplemental Table 3). In totality, these evidence support
moderate confidence in the AOP based on consideration of empirical
concordance and indirect observational evidence.

Considering the major decision points and uncertainties in this
pathway: in the transabdominal phase of testicular descent, the posi-
tion of the testis is a function of both the swelling of the gubernaculum
and the regression of the CSL (Klonisch et al., 2004, Nation et al.,
2011). Early biology studies implicate a role for androgens in CSL
regression and propose inappropriate outgrowth of the CSL could lead
to cryptorchidism (van der Schoot and Emmen, 1996; Emmen et al.,
1998). Because LMWPs impact androgens during GD 15.5–18.5, it is
also important to consider an alternative AOP where reduced andro-
gen and impaired CSL regression could lead to cryptorchidism. Analy-
sis of the available literature show comparatively little evidence to
support a role for the CSL (Supplemental Table 4). The LMWP litera-
ture does not substantiate well, a link between stunting of the CSL
and transabdominal testicular descent failure although there are only
a few studies that capture CSL observations (Gray et al., 2000; Gray
et al., 2009); moreover, the developmental biology literature does
not support well impaired CSL regression as a primary cause of cryp-
torchidism during the transabdominal phase (van der Schoot and
Emmen, 1996; Emmen et al., 1998; Adham and Agoulnik, 2004;
Kassim et al., 2010; Mamoulakis et al., 2015). It is also important to
consider an alternative AOP where reduced androgen could work in
concert with INSL3 or alone to cause gubernacular agenesis. Particu-
Table 1
Assessment of biological plausibility and empirical evidence in support of the KERs

KER
(Adjacency of KEs)
WoE Conclusion

WoE Rationale

Biological Plausibility WoE
KE3 leads to AO1 (Indirect)

High
Established developmental biological knowledge base
in promoting normal testicular descent (Overbeek et
and Langer, 2012; Imaizumi et al., 2015).

KE3 leads to KE 6
(Direct)
High

Established developmental biological knowledge base
INSL3 disruption impairs gubernacular development (
2002; Gorlov et al., 2002; Bogatcheva et al., 2003; T

KE6 leads to AO1 (Direct)
High

Established developmental biological knowledge base
abnormal gubernacular development impedes testes d
Amann and Veeramachaneni, 2007; Hutson et al., 20
Established biological knowledge that the higher test
testes (away from the scrotum) causes germ cell depl

Empirical Evidence WoE
KE3 lead to AO1 (Indirect)

High
Dose, temporal and incidence concordance well supp
combining data across multiple studies (Supplementa
observations within a broader biological dataset suppo
the same study for a number of LMWPs (Supplement

KE3 leads to KE6 (Direct)
Moderate

Dose, temporal and incidence concordance well suppo
small number of LMWPs when combining data across
inconsistent but data limited). Pattern of observation
change in both events is observed in a same study fo
failed CSL regression (and not gubernacular agenesis
evidence supporting involvement of the gubernaculu

KE6 leads to AO1 (Direct)
Moderate

Dose, temporal and incidence concordance well suppo
small number of LMWPs when combining data across
inconsistent but data limited). A dependent change in
Table 1). Inconsistent data possibly implicating failed

KE3 = decreased Insl3 expression; KE6 = agenesis of the gubernaculum; AO1 = c
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larly as the severity of LMWP mediated cryptorchidism has been cor-
related with greater androgen impact in some studies (Howdeshell
et al., 2015; van den Driesche et al., 2017). However the pattern of
observations in the collective LMWP data set are inconsistent with a
causal link between testosterone (Supplemental Table 4). Most nota-
bly, experiments in different rat strains (Supplemental Table 3) show
a strain‐specific sensitivity to LMWP mediated cryptorchidism impli-
cating INSL3 rather than testosterone in testicular descent (Wilson
et al., 2007). LMWP studies in Sprague‐Dawley rats show a greater
reduction in testosterone levels is associated with lower rates of cryp-
torchidism as compared to studies in Wistar rats demonstrating a
greater impact on INSL3 and a higher incidence of cryptorchidism
and gubernacular lesions (Mylchreest et al., 1998; Mylchreest et al.,
1999; Mylchreest and Foster, 2000; Mylchreest et al., 2000;
McKinnell et al., 2005; Wilson et al., 2007). The developmental biol-
ogy literature also supports a change in testosterone is not necessary
to alter gubernacular development. Developmental biology evidence
does show testosterone plays an important role in the postnatal
in AOP1.

d on molecular biology studies (e.g. Insl3 knockout studies) support INSL3 is necessary
al., 2001; Gorlov et al., 2002; Bogatcheva et al., 2003; Tomiyama et al., 2003; Rugarli

d on molecular biology studies (e.g. Insl3 knockout and mutation studies) support
Nef and Parada, 1999; Zimmermann et al., 1999; Overbeek et al., 2001; Adham et al.,
omiyama et al., 2003).
d on targeted molecular biology studies and observational associations support
escent (Ivell and Hartung, 2003; Adham and Agoulnik, 2004; Klonisch et al., 2004;
13; Hutson et al., 2016; Hadziselimovic, 2017).
icular temperature environment resulting from the physical location of cryptorchid
etion and infertility (Setchell, 1998).

orted in a single study on DPP (Table 2), and for a small number of LMWPs when
l Table 2: BBP data limited, DBP and DEHP consistent with KER). Pattern of
rts the KER (Supplemental Table 3). A dependent change in both events is observed in
al Table 1).
rted in a single study on DPP (Table 2), support for concordance is challenged across a
multiple studies (Supplemental Table 2: BBP data limited, DBP consistent and DEHP
s within the broader dataset supports the KER (Supplemental Table 3). A dependent
r a number of LMWPs (Supplemental Table 1). Inconsistent data possibly implicating
) in the LMWP literature (Supplemental Table 4) is comparatively minimal to the
m.
rted in a single study on DPP (Table 2). Support for concordance is challenged across a
multiple studies (Supplemental Table 2: BBP and DEHP consistent with the KER; DBP
both events is observed in the same study for a number of LMWPs (Supplemental
CSL regression (see above).

ryptorchidism; KER = key event relationships; WoE = weight of evidence.
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inguinoscrotal phase of testis descent (Nation et al., 2009; Hutson
et al., 2013; Hutson et al., 2016; Hadziselimovic, 2017) as is described
in AOP288 (https://aopwiki.org/); however, the life stage specificity
of AOP288 to postnatal development excludes the relevance of these
KEs to cryptorchidism initiated during the MPW. Based on limited evi-
dence, a role for the CSL was ruled out.

Considering the pathway as a whole, the extent of evidence is con-
cluded as high in support of AOP1 upon consideration of high biolog-
ical plausibility, moderate empirical evidence, and uncertainties.
Confidence is high in support of the life stage relevance of this AOP
during fetal life and more specifically the gestational timing of the
MIE, KE1 and KE6 to the MPW of fetal development (van den
Driesche et al., 2017). Despite the unknown MIE, confidence in this
AOP for use in regulatory application is considered high based on
the confidence in the downstream KERs, however clarity on the MIE
may improve advancement of alternative approaches capable of
screening or identifying developmental stressors.

3.1.2. AOP2: sustained expression of coup-TFII to hypospadias
Development of the anogenital tract is a complex process which is

temporally and spatially dependent (Supplemental Fig. 1). Signaling
needs to occur in a complex continuum to have appropriate differenti-
ation of the anorectal tract and genitourinary tract, as well as appropri-
ate growth of external genitals. In the early stages coordinated
signaling across time is hormonally independent, and needs to occur
in various disparate structures simultaneously for normal development
to occur. Later, signaling becomes hormonally responsive in order to
sexually differentiate the genital tract into the male or female form.
Disruption of this process can lead to various malformations of differ-
ing severity depending upon what signals are disrupted and at what
time point. The precursor to the external genital is the genital tubercle
(GT). Growth of the GT consists of two phases. The first phase consists
of the initial outgrowth and patterning of the GT, which occurs in both
males and females, and results in the bipotential GT (Miyagawa et al.,
2009; Petiot et al., 2005). This phase occurs from roughly GD10.5
when the genital swellings first appear to GD15/15.5 which is the start
of sexual differentiation of the GT (Ipulan et al., 2014; Murishma et al.,
Fig. 2. Sustained expression of COUP-TFII to hypospadias pathway (AOP2). Leydi
organ for KE5 & KE7, and the penis is the target organ for the AO, hypospadias (A
aligned to the developmental timeline such that events sharing the same vertical pl
biological process occurring, 2) embryonic day (E), 3) AOP, and 4) subset of data th
These data demonstrate a single 50 mg/kg dose (Foster and Harris 2005) or repeate
to occur within the MPW to induce hypospadias. Repeat dosing with 750 mg/kg/d
when delivered during the MPW. Exposure during the late gestational window (op
(4.3%). Note: KEs are numbered according to the network (Fig. 4). (For interpretati
web version of this article.)
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2015). The end of Phase I coincides with the start of the male program-
ing window (MPW) (Petiot et al., 2005; Welsch et al., 2008; van den
Driesche et al., 2012; Miyagawa et al., 2009). During the first phase
growth and patterning occurs the same in males and females, with
no, as yet, discernable differences. The second phase is hormonally
mediated and entails either continued growth and differentiation of
the penis, or the arrest of outgrowth and differentiation into the cli-
toris (Petiot et al., 2005; Suzuki et al., 2014).

Of interest to this assessment were processes specific to develop-
ment of the external male genitalia and the disruptions leading to
hypospadias. Penile malformations elicited by prenatal exposure to
LMWPs in rats are typified by the development of hypospadias arising
from a proximal shift in the urethral meatus (Supplemental Table 1;
(Foster, 2006). Using a rat model, gestational exposure to DBP during
the MPW was sufficient to cause hypospadias, with gestational expo-
sures outside this gestational window unable to elicit this abnormality
(van den Driesche et al., 2017). A similar effect pattern is observed
after treatment with androgen receptor (AR) agonist flutamide
(Foster and Harris, 2005) and 5‐α reductase inhibitor finasteride
(Clark et al., 1993) where treatment at GD17/GD18 and GD16‐17,
respectively, induced hypospadias but treatment earlier or later did
not. Even though each stressor operates via a distinct molecular initi-
ating event, exposure of each only induces hypospadias during a short
developmental time window in rats, which supports the developmen-
tal occurrences during this window as being critical androgen medi-
ated events in normal penile development.

This narrow window means the anatomical mechanisms of rele-
vance include growth of the GT as well as the formation of the internal
urethra and proper positioning of the urethral meatus at the tip of the
penis (Georgas et al., 2015). Evaluation of molecular events occurring
during urethral development together with observational data on
LMWPs suggest a pathway with four KEs initiated by an unknown
MIE leading to one AO: 1) sustained COUP‐TFII expression in Leydig
cells; 2) decreased steroidogenic biosynthetic protein expression
(StAR, CYP11A1, CYP17); 3) decreased 5α‐dihydrotestosterone
(DHT); 4) inhibition of urethral tube closure (decrease in Mafb expres-
sion) and 5) hypospadias (Fig. 2).
g cells are the cellular target for KE1 & KE2, the genital tubercle is the target
O2). KEs outlined in blue are proposed to occur during the MPW. Events are
ane occur in the same developmental window. The horizontal planes depict: 1)
at supports the pathway being specific to the indicated developmental window.
d 100 mg/kg dosing (Welsh et al., 2008) of the AR antagonist flutamide needs
DBP (van den Driesche et al., 2017) leads to a high incidence of hypospadias
en bar) result in a low incidence (in the range of background) of hypospadias
on of the references to colour in this figure legend, the reader is referred to the

https://aopwiki.org/
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The first proposed event in this pathway is sustained expression of
COUP‐TFII in Leydig cells of the testis (KE1). Greater than 85% of Ley-
dig cells are COUP‐TFII positive at E15.5, the beginning of the male
programing window and roughly the time when testosterone produc-
tion begins to increase. Following E15.5 there is a decrease in Coup‐
TFII positive Leydig cells with only ~10% of the cells remaining posi-
tive by E21.5 which is consistent with the increasing levels of andro-
gen during this developmental window (van den Driesche et al
2012). The highest levels of COUP‐TFII positive cells precede steroid
synthesis and increases in steroid levels are dose dependently associ-
ated with a decline in COUP‐TFII expression, supporting the potential
for a causal relationship between the decline in COUP‐TFII and
steroidogenesis. COUP‐TFII has been shown to act as a transcriptional
repressor of gene expression, possibly through competition for occu-
pancy of binding sites. The ability of COUP‐TFII to suppress SF1 acti-
vation of KE2 (Shibata et al., 2003) genes is central to the proposed
AOP. Plummer et al. (2007) demonstrated impacts on the expression
of steroidogenesis genes by DBP exposure only during the time period
when COUP‐TFII is decreasing during normal development (GD 17.5
and GD 19.5) with no effect on GD15.5 before COUP‐TFII expression
normally declines in Leydig cells. COUP‐TF II is an orphan nuclear
receptor which interacts with the corepressors N‐CoR, SMRT and
RIP13, to silence transcription by active repression and transrepression
(Qiu et al., 1994; Bailey et al., 1997). LMWPs have been shown to acti-
vate some members of the nuclear receptor superfamily, (i.e. PPARs)
(Bility et al., 2004). The MIE may be specific ligand activation of
COUP‐TFII, or potential disruption of required cofactors. Further
research is required to identify precise MIE for COUP‐TFII sustained
expression.

One of the important features of this pathway is that androgen
effects are mediated by DHT rather than testosterone and this is sup-
ported by an abundance of literature demonstrating a role for DHT
in urethral tube development (Table 3). The site of androgen synthesis
changes during development with androgen precursors first synthe-
sized in fetal Leydig cells on GD 14.5 in rodents when cholesterol
was transported to the mitochondria by steroidogenic acute regulatory
protein (StAR). In fetal Leydig cells, lack of a key conversion enzyme
(HSD17β3) means conversion of cholesterol to testosterone occurs out-
side the Leydig cells (Wen et al., 2016). Conversion of testosterone to
the more potent DHT occurs at the site of DHT action (i.e. DHT target
tissues). This information supports that testosterone is not present in
the biological compartment (i.e. Leydig cells) specified for KE1 and
KE2 during this life stage. As testosterone is not the active androgen
responsible for the differentiation of the genital tubercle (target organ)
for this AOP, it was not included as a KE in the AOP for hypospadias.
The proposed AOP aims to depict the critical few events necessary to
progress from the unknown MIE to AO. Assessment of testosterone
could be used as an indirect measurement of KE2 or KE5, as it is one
of a few intermediary steps between these KEs. Anogenital distance
(AGD), however, is considered a more reliable indicator of DHT levels
during the male programming window. Using anogenital distance
(AGD) as a biomarker gives an assessment of DHT level throughout
the whole MPW window (McIntyre et al., 2001). It is important to
emphasize that while AGD is an important indicator of the DHT envi-
ronment during development (Dean et al., 2012; Dean and Sharpe,
2013; Suzuki et al., 2015) a change in AGD is not a KE in this AOP
because a reduction in AGD is not essential for hypospadias to occur.
It is the change in DHT (which the AGD measurement reflects) which
is the causal event. This has been demonstrated in knock out studies in
mice where AGD effects were disassociated from hypospadias (Suzuki
et al., 2014). As such AGD is considered a useful biomarker but not a
KE in the progression of this AOP.

Appropriate DHT signaling is necessary for proper penile develop-
ment but not sufficient as additional factors need to occur to ensure the
proper closure of the urethral tube, which, if disrupted, lead to
hypospadias, suggesting alternative androgen independent AOPs for
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hypospadias exist as well. Evidence of the lack of sufficiency is pro-
vided by data from Mafb knockout (KO) mice as these animals demon-
strate a failure in urethral tube formation and closure despite having
similar levels of DHT in the GTs as their wild type counter parts
(Suzuki et al., 2014). Mafb KO also show no discernable difference
from wild type animals in AGD measures, which further supports this
measure as a reliable marker of DHT levels and not a causal factor in
the AOP (Suzuki et al., 2014). One confounding factor reported by
Foster and Harris (2005) showed a single exposure to flutamide on
GD 16 or GD 19 impacted AGD, but did not lead to hypospadias. These
gestational days coincides with the period before proximal fusion of
the urethra begins, and after urethra fusion is complete which is con-
sistent with the proposed AO but suggests AGD may not be a perfect
indicator as it is influenced outside of the window of effect. We suggest
the addition of KE7, inhibition of urethral tube closure, and propose
Mafb gene expression as an indicator of disruption, to further capture
the AO progression. Unlike some of the other genes which are critical
for normal GT growth, deletion of Mafb does not affect development of
the GT prior to the critical androgen dependent programming window
(Suzuki et al., 2014). Additional work suggest that Fgf10 and FgfR2,
also appear to be critical for proper urethral tube closure, though these
genes appear to be related to both growth and fusion events (Petiot
et al., 2005, Leung et al., 2016). Temporal expression patterns of Mafb
are consistent with developmental timing of urethral tube closure as
gene expression is evident by GD16.5, the start of proximal fusion
(Suzuki et al., 2014) and the KO animals provide direct evidence that
MAFB has a key role in urethral tube closure. There is also strong bio-
logical plausibility for a KER between DHT and Mafb expression. Data
from Androgen receptor (Ar) KO mice, provide evidence of a causal
relationship between DHT and Mafb expression, as Ar KO male GTs
have down regulated Mafb signaling as compared to wild type animals
(Suzuki et al., 2014). Addition of a KE specific for urethral tube closure
may also facilitate network expansion as it differentiates the proposed
AOP based on androgen dependent mesenchymal differentiation to
form the urethra and what would be a separate AOP for androgen‐
dependent organ size control, which would branch after DHT.
(Suzuki et al., 2014). As no experimental evidence provided dose
and temporal concordance data for Mafb expression, further work
would be needed to explore this potential KE for AOP2 and the utility
of Mafb as a marker.

The level of confidence in the KERs of AOP2 based on considera-
tion of biological plausibility is summarized in Table 3 and range from
low to high. In general, the developmental biology supports well
the latter half of the AOP, with reduced insight provided into the
early/upstream KEs. The biological and mechanistic understanding
of the steroidogenesis pathway is well documented and the importance
of DHT in urethral tube development broadly demonstrated and
accepted. However, the ability of the transcriptional repressor
COUP‐TFII to suppress steroidogenesis genes has not been widely
established. Additionally, the mechanistic underpinnings of DHTs
effects on the urethral tube and necessity of another key molecular
event in the urethral tube downstream of DHT is not understood. Con-
sidering the pathway as a whole, the biological plausibility is moder-
ate based on the well‐established link between androgen and
urethral tube development; but limited understanding of upstream reg-
ulation of steroidogenesis genes.

The extent of empirical support for the KERS in AOP2 is summa-
rized in Table 3. Though a dose responsive effect following exposure
to LMWPs is supported for most KE, empirical evidence to support con-
cordance of KERs ranged from low to moderate. A study by van den
Driesche et al (2012) demonstrates well dose and incidence concor-
dance of the early KEs (Table 4), however measurement of these
events on the same gestational day (e21.5) prevents assessment of tem-
poral concordance and did not measure KE5 and KE7. A study by Gray
et al. (2016), demonstrates dose, incidence and temporal concordance
between KE2, KE5 and AO2 (Supplemental Table 5), but does not mea-



Table 3
Assessment of biological plausibility and empirical evidence in support of the KERs in AOP2.

KER
(Adjacency of KEs)
WoE Conclusion

WoE Rationale

Biological Plausibility WoE
KE 1 leads to KE 2

(Direct)
Moderate

Established mechanistic basis that SF-1 regulates StAR, Cyp11a1, and Cyp17 genes. Coup-TFII is a known transcriptional repressor and
steroidogenesis genes have SF-1 and COUP-TFII overlapping binding sites in the promoter. Limited biological and mechanistic evidence that
COUP-TFII displaces SF-1 from binding to target genes leading to down regulation of genes critical for steroidogenesis (van den Driesche et al.,
2012). Some evidence based on dose response studies with COUP-TF1 which shares a conserved binding domain with COUP-TFII (Shibata et al.,
2003).

KE2 leads to KE5
(Direct)
High

Established biological knowledge of the steroidogenic process and that enzymatic disruption impacts male hormones (DHT) levels (Hasegawa
et al., 2000; Hu et. al., 2002; Barsoum and Yao 2006; Miller and Walter 2007; Turcu and Auchus 2015).

KE5 leads to AO1(Indirect)
High

Established biological knowledge across a range of chemicals (flutamide, finasteride) and clinical outcomes that disruption of DHT (reduced
production or interference with receptor binding) causes hypospadias (Kim et al., 2002; Turcu and Auchus, 2015). Established mechanistic basis
that the importance of testosterone in external genital development is exclusively as a precursor for DHT; testosterone does not play a role. (Hib
and Ponzio, 1995; Tian and Russell, 1997).

KE5 leads to KE7
(Direct)
Moderate

Strong but limited biological evidence that MAFB (serving as an indicator of urethral tube closure) is androgen dependent (sexually dimorphic
expression, co-localization with AR receptor expression, and AR dependent expression) (Suzuki et al., 2014).

KE7 leads to AO2(Direct)
High

Established biological knowledge based on Mafb-/- mice with hypospadias phenotype (Suzuki et al., 2014). Limited mechanistic basis:
transcription factor MAFB expressed in the mesenchymal cell population of the genital tubercle adjacent to the urethral plate (cell population
critical for urethral tube formation and closure) (Nishida et al., 2008; Miyagawa et al., 2009; Suzuki et al., 2014).

KE2 leads to AO2
(Indirect)
Moderate

Male Cyp11a1 KO mice have external female genitalia which demonstrates a direct link with the development of male external genitalia and a
male like urethra (Hu et al., 2002).

Empirical Evidence WoE
KE1 leads to KE2*

(Direct)
Moderate

Dose and incidence concordance well supported in a single study on DBP (Table 4). Dose, incidence concordance challenged when combining data
across multiple studies for DBP (Supplemental Table 6). Pattern of observations within the broader dataset supports a relationship between KEs
(Supplemental Table 7).

KE2* leads to KE5**
(Direct)
Moderate

Dose and incidence concordance well supported in a single study on DPP (Supplemental Table 5). Dose and incidence concordance supported
when combining data across multiple studies for DBP (Supplemental Table 6). A dependent change in both events is observed in the same study
for a number of LMWPs (Supplemental Table 1)

KE5** leads to AO2
(Indirect)
Moderate

Dose and incidence concordance well supported in a single study on DPP (Supplemental Table 5). Data lacking to support concordance when
combining data across multiple studies for DBP (Supplemental Table 6). Association between severity of DHT impact (as measured by severity of
AGD reduction) and hypospadias incidence has been demonstrated (Supplemental Table 7). A dependent change in both events is observed in the
same study for a number of LMWPs (Supplemental Table 1).

KE5** lead to KE7
(Direct)
Low

Data on markers of urethral tube disruption (KE7) were not found. Pattern of observations within the broader dataset supports the KER
(Supplemental Table 7)

KE7 leads to AO2
(Direct)
Low

Data on markers of urethral tube disruption (KE7) were not found in. Pattern of observations within the broader dataset supports the KER
(Supplemental Table 7).

*The WoE assessment focused on data measuring steroidogenesis gene transcription/protein expression. **The WoE assessment relied on AGD as a surrogate
measure for DHT during the MPW. Testosterone was not used as a surrogate for KE2 or KE5 in this WoE assessment. KE1 = sustained Coup-TFII expression;
KE2 = decreased steroidogenic biosynthetic protein expression (StAR, CYP11A1, CYP17); KE5 = decreased DHT; KE7 = inhibition of urethral tube closure;
AO2 = hypospadias; KER = key event relationships; WoE = weight of evidence.
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sure KE1 or KE7. Compiling observations from multiple studies on DBP
with various experimental designs provides moderate support for con-
cordance between KERs (Supplemental Table 6), with KE7 continuing
to be a key observational gap in the LMWP literature. KERs are sup-
Table 4
Dose-response and temporal concordance of KE in AOP2. Observations as
reported in van den Driesche et al. (2012) on DBP support concordance of early
KEs with the AO. A dash (-) indicates no effect; a plus (+) indicates effect
observed; number of pluses indicates increased severity/incidence; a blank cell
indicates event not measured. Severity/incidence of effect weighting are
provided as part of Supplemental Table 5. An AOP supported by empirical data
shows early events occurring at lower doses and with higher severity than later
events.

Temporal Concordance

D
os

e 
ecnadrocno

C

Dose
mg/kg/d

KE 1
(E21.5)

KE 2
(E21.5) KE 5 KE 7 AO

(adults)
0 -
20 +

100 ++
500 +++ ++ +
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ported by indirect observational evidence showing 1) overlapping
DNA promotor binding sites for SF‐1, a transcription factor important
for steroidogenic gene transcription, and COUP‐TFII on StAR,
Cyp11A1 and Cyp17, and 2) co‐localization of AR expression and Mafb
in cell population of GT critical for urethral tube closure (Supplemen-
tal Table 7). Considering the pathway as a whole, the extent of empir-
ical evidence in support of the sequence of events laid out in AOP2 is
concluded as moderate upon consideration of empirical concordance
and indirect observational evidence.

The KEs in this AOP are linked to developmental events which are
thought to occur on specific gestation days, and the proposed AOP is
disruption of the occurrence of events, not regression of said event.
However some of the data suggest this may be incorrect as the AO
occurs in animals treated with a stressor after completion of the devel-
opmental event. Specifically the developmental literature evaluated
suggests urethral tube closure is complete by E17.5, however in one
study (Foster and Harris 2005) hypospadias are observed after a single
treatment on GD18 and in a second study (van den Driesche et al.,
2017) hypospadias occur after treatment begins on GD19.5 (Fig. 2).
These data could suggest an alternative to KE5 or could be explained
by discrepancies in the data. In van den Driesche et al., (2017) only
a single animal was observed with mild glandular hypospadias arising
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from late window exposure (750 mg/kg DBP), which could be due to a
non‐chemically mediated background incidence effect, or from a fetus
with a delayed gestational stage (resulting in exposure during the win-
dow of sensitivity). A mild glandular hypospadias would be consistent
with disruption at the very end of urethral tube development. The inci-
dence level of hypospadias in Foster and Harris (2005) of 20% sug-
gests a true chemically mediated event and not background
incidence, however the discrepancy could be due to how the AOP
was constructed, rather than an error in the data. The developmental
landmarks described in Fig. 2 were identified from mouse literature
(Petiot et al., 2005; Georgas et al., 2015; Ipulan et al., 2016) and des-
ignated by E whereas the chemical challenge data were developed in
rats and designated by GD in the studies (Foster and Harris 2005;
Welsh et al., 2008). The Foster and Harris (2005) data could indicate
there is not a direct alignment between mouse and rat development
and closure of the urethral tube in rat occurs later, sometime between
GD18 and GD19.

A difference in developmental timing, and thus window of suscep-
tibility, is supported by data in mice that show when mice are treated
with flutamide at E17.5 and E18.5 hypospadias do not occur (Zheng
et al., 2015), which is consistent with the developmental information
in mice indicating urethral closure is complete by E17.5. The MPW,
which is defined as the window of susceptibility for this AOP, has been
less well defined in mice. Some references indicate sexually dimorphic
differences beginning at GD15 (Seifert et al., 2008) and other indicate
the MPW is set at GD 15.5, the same as rats (Cohn et al., 2011;
Miyagawa et al., 2009). Some of the primarily literature in mice
demonstrates that flutamide treatment between GD15.5–16.5 and
GD16.5–17.5 causes demasculinization of the external genitalia,
whereas treatment between GD13.5–14.5 and GD14.5–15.5 has no
effect on male genital development (Miyagawa et al., 2009). Consis-
tent with the male data, females in this study treated with testosterone
propionate (TP) during the window of sensitivity (E15.5‐E16.5)
develop masculinized genitalia (Miyagawa et al., 2009). These data
are consistent with a MPW in mice similar to that observed in rats.
However the data generated by Zheng et al. (2015) suggests the
MPW in mice may be different. Treatment of male mice with flutamide
did not have any impacts when it occurred at E17.5‐E18.5 whereas
treatment on E12.5–E13.5, E13.5–E14.5, E14.5–E15.5, or
E15.5–E16.5 resulted in varying degrees of hypospadias (Zheng
et al., 2015). Though treatment from E15.5‐E16.5 is consistent, the
earlier treatments lie outside the window of susceptibility. The data
from Zheng et al. (2015) suggest the AOP as defined here should be
taxonomically limited to rats until the discrepancies in the mouse data
are resolved. In addition species differences in phthalate literature (re-
viewed in Johnson et al., 2012) suggest the MIE may be taxonomically
restrained.

Considering the pathway as a whole, the extent of evidence is con-
cluded as moderate in support of AOP2 upon consideration of moder-
ate biological plausibility, moderate empirical evidence, and
uncertainties. Confidence is high in support of the life stage relevance
of this AOP during fetal life and more specifically the gestational tim-
ing of the KE upstream of the AO to the MPW of fetal development
(Foster and Harris, 2005; Welsh et al., 2008; van den Driesche et al.,
2017). The reduced confidence in the early KERs should be considered
in applications of this AOP. Clarity on the MIE and increased confi-
dence in early KERs, would improve utility in regulatory applications
and inform the advancement of alternative approaches capable of
screening or identifying developmental stressors.

3.1.3. AOP3: sustained COUP-TFII to epididymal agenesis and altered
sperm maturation

The Wolffian ducts (WD) are the progenitors of the epididymis, vas
deferens and seminal vesicles. There are three developmental pro-
cesses that are considered to be important during the development
of the WD: (1) mesonephros formation, (2) stabilization (~GD
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15.5–18.5) and differentiation (~GD19‐birth) of the WD, and (3) post-
natal differentiation (Murashima et al., 2015). The WD develops in
both the male and female embryo as part of the first process. However,
during the second process, regression of the duct occurs in females
whereas androgen mediated stabilization (E 15–18) and retention of
the ducts occurs in males (Murashima et al., 2015; Shaw and
Renfree, 2014; Welsh et al., 2007). Following stabilization in males,
tubular elongation, and morphological differentiation occur to form
the epididymis, vas deferens, and seminal vesicle. Ductal elongation
and coiling of the epididymis continue from ~ E18 until after birth,
with regions of the epididymis becoming morphologically distinct
after birth (Murashima et al., 2015).

Epididymal malformations are one of the most prevalent AOs
observed following exposure to LMWPs in the MPW (Mylchreest
et al., 1998; Barlow and Foster, 2003; Foster, 2006). The malforma-
tions have been most commonly assessed in adult animals that were
exposed as fetuses in utero and are broadly characterized as “epididy-
mal agenesis” describing reduced number of ducts, malformed, absent,
or partial epididymides; in the fetus (~GD21.5) the outcome is
described as decreased coiling (Mylchreest and Foster, 2000;
Mylchreest et al., 2002; Barlow and Foster, 2003). Targeted studies
with LMWPs and the AR antagonist, flutamide, support exposure from
GD 15.5–17.5 as necessary and sufficient to induce epididymal agene-
sis (Foster and Harris, 2005; Welsh et al., 2007; Wilson et al., 2007).
This timing overlaps with the stabilization phase (~GD 15.5–18.5) of
Wolffian duct (WD) development (the progenitor of the epididymis),
a process known to be facilitated by androgens (Hannema and
Hughes, 2007; Welsh et al., 2007; Swain, 2017). Combining what is
known about the mechanisms of WD stabilization and observational
data on LMWPs (Supplemental Table 1), AOP3 can be described by
the following events: 1) sustained expression of COUP‐TFII, 2)
decreased steroidogenic biosynthetic protein expression (StAR,
CYP11A1, CYP17), 3) reduced testosterone levels at the site of action
in the WD, 4) altered WD development/epididymal agenesis, 5)
altered sperm maturation (Fig. 3).

Unlike AOP2 where DHT acts as the active local androgen, testos-
terone is thought to act directly on the WD to mediate stabilization
(Shaw and Renfree, 2014; Murashima et al., 2015). Due to the gesta-
tional timing of early KEs in the MPW, we consider the target organ
of testosterone action to be the WD (and not the epididymis). As exper-
imental observations tend to be measured late in gestation or postna-
tally (i.e. after WD differentiation), the AO is characterized in the
epididymis. Some studies have indicated that the epididymal changes
induced during gestation increase in incidence/severity (Fig. 3) and/or
may not manifest as clear malformations until adulthood (Barlow and
Foster, 2003). Therefore, while the life stage applicability of the AOP
is fetal life, the optimal timing to measure the AO may be in later life
stages.

The level of confidence in the KERs of AOP3 based on biological
plausibility is summarized in Table 5 and range from low to high.
While the basic understanding of WD development is sufficient to for-
mulate a pathway, the fundamental understanding of the mechanisms
regulating WD development is limited. A role of testosterone in the sta-
bilization phase of WD development has been established, however
the upstream regulating events and role for other androgens are
knowledge gaps. Considering the pathway as a whole, the biological
plausibility for AOP3 is concluded to be moderate.

The extent of empirical support for the KERs in AOP3 is summa-
rized in Table 5 and range from low to high. Though a dose responsive
effect following exposure to a small number of LMWPs is supported for
KE1, KE2, KE4, AO3 (KE increased in incidence/severity with increas-
ing dose of LMWP, See Supplemental Table 1), empirical evidence to
support concordance of KERs was limited for most KERs. In particular,
all of the KEs in AOP3 were never measured together in a single study.
For example, data from Gray et al. (2016) supports well dose, temporal
and incidence concordance amongst KE2, KE3 and AO3 following
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Fig. 3. Sustained COUP-TFII to epididymal agenesis and altered sperm maturation (AOP3). Leydig cells are the cellular target for KE1, the epididymis is the target
organ leading to altered sperm maturation as the AOs. KEs outlined in blue are proposed to occur during the MPW. KEs are aligned to the developmental timeline
such that events sharing the same vertical plane occur in the same developmental window. The horizontal planes depict: 1) biological process occurring, 2)
embryonic day (E), 3) AOP, and 4) subset of data that supports the pathway being specific to the indicated developmental window. These data demonstrate a
single dose of the AR antagonist flutamide causes different effects on the epididymis (when measured at PND95-105) depending on when in gestation the exposure
occurs (red circles indicates timing of single exposure) (Foster and Harris, 2005); extending the duration of flutamide exposure to include the late gestational
window (red filled bars) leads to an earlier onset of observable epididymal lesions (E21.5) and higher incidence later in life (PND17, PND42 & PND70) than
flutamide exposure during the MPW only; and treatment during the late gestational window (open bar) has no effects on the epididymis (E21.5, PND17, PND42, &
PND70). Note: KEs are numbered according to the network (Fig. 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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exposure to DPP (Table 6), however does not measure KE1 or AO4.
Evaluating temporal concordance for early KEs was also hindered
based on when data were collected. For example, van den Driesche
et al (2012) (Supplemental Table 10) supports dose and incidence con-
cordance amongst KE1, KE2 and KE3, however all measurements were
collected on the same day, and downstream KEs (AO3 and AO4) were
not assessed. As all KEs were not measured in a single study, concor-
dance of KEs was assessed by compiling observations from multiple
studies on DBP. Variation in experimental design and measurement
time points challenged this analysis, which ultimately does not support
well a dose and temporal concordance between KERs (Supplemental
Table 9). Confidence in the KER between testosterone and epididymal
agenesis is increased upon consideration of indirect observational evi-
dence (Supplemental Table 11) showing 1) SD rats exposed to LMWPs
have a higher incidence of epididymal agenesis and a greater decrease
in testosterone compared to Wistar rats comparably exposed which
show a lesser effect on testosterone levels and lower incidence of epi-
didymal agenesis; 2) the epididymal lesion described following LMWP
exposure during the MPW is the same characterization of the lesion
following exposure in the same gestational window to the AR antago-
nist flutamide. The limited number of studies evaluating sperm matu-
ration parameters (versus spermatogenesis) was a notable data gap
within the collective database. In totality, the limited availability of
evidence to evaluate concordance of KERs supports a conclusion of
moderate empirical evidence for the sequence of events laid out in
AOP3.

Considering the major decision points and uncertainties in this
pathway: the initial events in AOP3 are shared with AOP2 with an
unknown MIE occurring between GD 15.5 and GD 18.5, leading to sus-
tained expression of Coup‐tfII in fetal Leydig cells. Increased COUP‐
TFII levels may promote increased steroidogenesis from fetal Leydig
cells and/or play a direct role in WD regression independent from or
enhanced by reduced androgen synthesis. Coup‐tfII knockout models
show COUP‐TFII to be a suppressor of the mesenchyme‐epithelium
cross‐talk responsible for WD regression (Zhao et al., 2017) which sug-
gests sustained COUP‐TFII alone could destabilize the WD leading to
abnormal development. As the temporal window of WD stabilization
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overlaps with the MPW, it has been proposed that androgens may
antagonize COUP‐TFII in WD mesenchymal cells to support stabiliza-
tion potentially through androgen effects on growth factor signaling
(Hannema and Hughes, 2007; Swain, 2017; Zhao et al., 2017). As
mentioned earlier, COUP‐TFII is an orphan nuclear receptor and
LMWPs have been shown to activate some members of the nuclear
receptor superfamily, (i.e. PPARs) (Bility et al., 2004). Therefore plau-
sible alternatives to the AOP shown in Fig. 3 include one where sus-
tained COUP‐TFII in the WD is necessary and sufficient to cause
epididymal agenesis or where sustained COUP‐TFII in the WD is fur-
ther enhanced by the reduction of testosterone in the testes. Difficulty
separating and experimentally manipulating androgen signaling and
COUP‐TFII in target tissues challenges the ability to untangle these
interdependent processes. Whether or not initial KEs occur in the
WD, LMWP data suggest androgen plays a role in either directly
mediating or modulating the events of this pathway (Supplemental
Table 12). Currently the biological plausibility of testicular testos-
terone impacting WD stabilization rather than COUP‐TFII alone is
better supported when considering the developmental biology
literature and chemical stressor data together.

The specificity of gestational timing for the KE/KERs in AOP3 is
another point of uncertainty in this analysis. As described above,
experimental evidence supports the gestational timing of the early
KEs to be during the MPW (Foster and Harris, 2005; Welsh et al.,
2007; Wilson et al., 2007). However, the development and differenti-
ation of the WD depends on continuous androgen stimulation that
extends beyond the MPW and into postnatal life (Shaw and Renfree,
2014). We consider this long duration of androgen dependence nota-
ble to the proposed AOP for two reasons. First, many of the KERs
defined in AOP3 likely have relevance beyond the restricted gesta-
tional timing proposed here. As shown in Fig. 3, a single 50 mg/kg
exposure to the AR antagonist flutamide on GD19 (outside the
MPW) adversely affects epididymis size. Likewise, the LMWP litera-
ture supports that the AOs of AOP3 can arise when exposure occurs
both inside and outside the MPW (Kay et al., 2014; Czubacka et al.,
2021). Therefore, KERs downstream from the MIE are plausibily rele-
vant later in development and in other life stages. Second, reduced



Table 5
Assessment of biological plausibility and empirical evidence in support of the KERs in AOP3.

KER
(Adjacency of KEs)
WoE Conclusion WoE Rationale

Biological Plausibility
WoE

KE1 leads to KE 2
(Direct)
Moderate See Table 3
KE2 leads to KE4

(Direct)
High

Established biological knowledge of the steroidogenic process and that disruption of steroidogenic enzymes impacts male hormone (testosterone)
levels (Barsoum and Yao, 2006; Hasegawa et al., 2000; Hu et al., 2002; Miller and Walter, 2007; Turcu and Auchus, 2015).

KE1 leads to AO3
(Indirect)
Low

Temporal and tissue-specific COUP-TFII ablation clarified its role in developmental processes (Qin et al., 2008; Lin et al., 2011). Data assessing the
essentiality of COUP-TFII in WD, while limited, implicates COUP-TFII as an active promoter of WD elimination (Zhao et al., 2017). This evidence does
not support this KER, however, as it implicates COUP-TFII in a direct role in the WD itself rather than in the testes.

KE2 leads to AO3
(Indirect)
Moderate

While plausible that impacting the key rate limiting process in testosterone synthesis (i.e. StAR delivery of cholesterol, to the inner mitochondrial
membrane) will have dramatic impact on testosterone levels and subsequent impacts on epididymal development, data to support this are not
available. Male mice lacking StAR have normal epididymis and some capacity for steroidogenesis (Caron et al., 1997). Male Cyp11a1 null mice have a
smaller epididymis than their wild type counter parts. Histological sections of the Cyp11a1 null epididymis revealed reduced tubule size, smaller
columnar epithelium, and absence of microvilli (Hu et al., 2002). Male Cyp17a1 KO mice lack Wolffian derivatives and are infertile (Aherrahrou et al.,
2020). Data from these KO animals support that a cumulative effect on expression of these genes would plausibly impact epididymal formation.

KE4 leads to AO3
(Direct)
High

Androgen broadly proposed in the developmental biology literature as a primary factor in WD stabilization with a direct role for testicular testosterone
accepted (Higgins et al., 1989; Hannema and Hughes, 2007; Shaw and Renfree, 2014; Murashima et al., 2015; Swain, 2017). Targeted studies with
androgen receptor antagonist, flutamide, during the period of WD stabilization (GD 15.5–17.5) leads to epididymal agenesis (Foster and Harris, 2005;
Welsh et al., 2007).

AO3 leads to AO4
(Direct)
High

Well accepted role of the epididymis in supporting sperm maturation. Fertility is dependent on sperm maturation in the epididymis (Joseph et al.,
2009).

Empirical Evidence WoE
KE1 leads to KE2*
(Direct)
Moderate See Table 3
KE2* leads to KE4

(Direct)
Moderate

Dose and incidence concordance well supported in a single study on DPP (Table 6) and when data were combined across multiple studies for DBP
(Supplemental Table 9). Change in both events is observed in the same study for a number of LMWPs (Supplemental Table 1).

KE4 leads to AO3
(Indirect)
High

Dose, temporal and incidence concordance supported in a single study on DPP (Table 6). Dose and incidence concordance supported for DBP when
data were combined across multiple studies (Supplemental Table 9). Pattern of observations within the broader dataset supports a relationship
between KEs (Supplemental Table 11). Change in both events is observed in the same study for a number of LMWPs (Supplemental Table 1)

AO3 leads to AO4
(Direct)
Low

Data on sperm maturation parameters limited. Change in both events is observed in the same study for DBP (Supplemental Table 1).

*This assessment focused on data measuring steroidogenesis gene transcription/protein expression. Testosterone was not used as a surrogate for KE2 or KE5 in this
WoE assessment. KE1 = sustained expression of COUP-TFII; KE2 = decreased steroidogenic biosynthetic protein expression (StAR, Cyp11a, Cyp17); KE4 = re-
duced testicular testosterone levels; AO3 = altered Wolffian duct (WD) development/epididymal agenesis; AO4 altered sperm maturation.
BP = biological plausibility; KER= key event relationships; DS KE= downstream key event; US KE = upstream key event; ND= not determined; WoE=weight
of evidence.

Table 6
Dose, temporal and incidence concordance of KEs in AOP. Observations as
reported in Gray et al. (2016) on DPP, supports concordance of a subset of KEs.
A dash (−) indicates no effect; a plus (+) indicates effect observed; number of
pluses indicates increased severity/incidence; a blank cell indicates event not
measured. Note for KE2, the severity of effect at a given dose varied among the
steroidogenesis genes. The severity indices here reflects an average impact
between StAR, CYP17 and CYP11. Severity/incidence of effect weighting are
provided as part of Supplemental Table 9. While sperm parameters were
reported, parameters of impact on sperm maturation were not reported. An AOP
supported by empirical concordance shows early events occurring at lower doses
and with higher severity than later events. GD = gestational day;
mo. = months.
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testosterone may need to be sustained for days (or longer) to impact
the epididymis. As shown in Fig. 3, exposure to the AR antagonist flu-
tamide from GD15 until birth results in an earlier onset of observable
epididymal impacts and higher incidence in adulthood than exposures
restricted to the MPW only. It has been shown that in utero exposure to
DBP at high doses during the MPW only produces a sustained reduc-
tion in testosterone levels that persists into adulthood (van den
Driesche et al., 2017). Therefore, it is possible a sustained reduction
in testosterone that extends over a period of days or longer is necessary
to elicit AO3. The refinement in the KE description of AO3 may also
inform the life stage restriction of this AOP. As shown in Fig. 3, the nat-
ure of the epididymal effects may vary depending on timing of expo-
sure, likely due to the differentiation status of the WD at the time of
the reduced testosterone perturbation. As mentioned earlier, studies
tend to collect multiple KE measurements simultaneously, capturing
a snapshot in time typically after the MPW. This challenges the confi-
dence in the gestational timing of KEs/KERs specified here. More
detail on the nature, function and cellular state of the MIE would also
inform life stage specificity. At this time however, available data sup-
port that later KERs in this AOP are plausibly relevant to other life
stages; and the duration of reduced testosterone sufficient for mani-
festing the AO is unclear with initiation of reduced testosterone levels
plausibly restricted to the MPW (Supplemental Table 12).
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Considering the pathway as a whole, the extent of evidence is con-
cluded as moderate in support of AOP3 upon consideration of moder-
ate biological plausibility, moderate empirical evidence, and
uncertainties. Confidence is high in support of the life stage relevance
of the entire AOP during fetal life based on the restricted gestational
timing of the MIE to the MPW (Foster and Harris, 2005; Welsh
et al., 2007; Wilson et al., 2007). However, the confidence is low with
respect to the duration of testosterone reduction needed to manifest
the AOs. Confidence in this AOP for use in regulatory application is
considered high if the uncertainties described are respected. Clarity
on the MIE may improve advancement of alternative approaches cap-
able of screening or identifying developmental stressors.

3.2. Putative AOP network for male reproductive outcomes

The three AOPs described in this work were assembled into a puta-
tive AOP network that aims to more realistically represent the biology
occurring during this narrow window of gestational development.
Identification of shared KEs amongst the AOPs considered both the
sameness of the biological or physiological state and sameness of the
gestational timing of when this same KE occurred in each pathway.
As a general description, the network portrays primarily a divergent
motif (Knapen et al., 2018) with the androgen independent pathway,
AOP1, possibly sharing an unknown MIE with the androgen dependent
pathways, AOP2 and AOP3, with all 3 pathways sharing a common
population level AO (i.e. impaired fertility). A lack of a convergence
point at testosterone clearly depicts a variable role of testosterone in
all three networked AOPs. The confidence in the network is low due
to the unidentified MIEs. These AOPs are considered to be open and
under development and should be iteratively refined and elaborated
via incorporation of new/existing relevant data.

Attention to gestational timing of KEs and KERs was a key focus
throughout this effort and care was taken to align the KEs/KERs with
the gestational timing of their causal importance in the network depic-
tion. In doing so, the life stage applicability of this network is defined
in a refined manner. The evidence on LMWPs clearly supports the tim-
ing of the stressor perturbation as needing to occur during the MPW to
initiate all three AOPs. This means the function or structure of the MIE
(s) may likely be restricted to this narrow window of development.
While the unknown identity of the MIE(s) makes this impossible to
conclude, it is clear that the life stage applicability of at least one early
KE/KER in this network is restricted to the MPW. Unlike AOP1/2,
KERs downstream from the MIE in AOP3 are plausibly relevant to
other life stages. For example the KER of reduced testosterone (KE4)
leading to epididymal agenesis (AO3) is likely relevant in postnatal life
and the KER of reduced testosterone (KE4) leading to altered sperm
maturation relevant into adulthood. The life stage applicability of an
AOP is restricted by the most restrictive KER. A simple illustration of
this concept is that cryptorchidism cannot be induced in adulthood.
While some KERs in an AOP leading to cryptorchidism may be func-
tionally relevant during adulthood, an AOP describing cryptorchidism
is restricted to development.

Considering the major uncertainties in this network, the unidenti-
fied MIE is a clear data gap and limits confidence in the network. A
common MIE is reasonably plausible based on indirect empirical evi-
dence that exposure during a discrete window of development (the
MPW) is necessary and sufficient for a common chemical initiator
(LMWPs) to induce all three AOs. However, it is equally plausible that
separate initiating events could be responsible. In either case it is likely
the MIE(s) occurs in fetal Leydig cells. With further delineation of
these pathways and developmental events, it could be determined that
AOP1 belongs in the network, or that AOPs 2 and 3 only converge on
KE1 and KE2 before diverging again. While the assumption of a com-
mon MIE is plausible, an undefined MIE means the inclusion of AOP1
in this network is uncertain. Potential MIEs were explored as part of
this effort and some were discussed already in earlier sections.
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Reduced activation of PPARα has been proposed as responsible for
reduced steroidogenesis (AOP#18 https://aopwiki.org) (Nepelska
et al., 2017), however the confidence in this MIE is questioned based
on studies describing the lack of PPARα‐responsive gene expression in
the fetal testis following LMWP exposure, inability of PPARα antago-
nists to reduce fetal testis steroidogenic gene expression or testos-
terone production (Hannas et al., 2011) as well as other empirical
evidence (as discussed in (Arzuaga et al., 2019; Gray et al., 2021;
Clewell et al., 2020). Further evaluation of the molecular biology liter-
ature plausibly implicates the nuclear receptor NR4A1 as a possible
MIE based on its demonstrated ability to regulate INSL3 (Robert
et al., 2006) and testosterone biosynthesis genes (HSD3B2, rat
Cyp17a1, mouse Hsd3b1, and mouse StAR promoters) (Zhang and
Mellon, 1997; Hong et al., 2004; Martin and Tremblay, 2005). More
recently, phospholipase A2 (cPLA2) enzyme inhibition has been pro-
posed as a possible MIE responsible for reduced steroidogenesis
(Clewell et al., 2020). In this proposal, inhibition of cPLA2 leads to
inhibition of arachidonic acid (AA) release from intracellular stores
resulting in reduced steroidogenesis gene transcription. The plausibil-
ity of this is supported in the literature based on role of AA in mediat-
ing StAR gene transcription. The biological plausibility of cPLA2 or AA
leading to reduced INSL3 was not addressed in this proposal with over-
all confidence in this MIE concluded as low by Clewell et al. (2020).
The uncertainty in the MIE denotes the putative nature of this pro-
posed network. The limitation this uncertainty poses to the utility of
this network will depend on the specific network application.

A lack of empirical data in this instance to support the convergence
point at the AO (impaired fertility) at the population level is also a
point of uncertainty worth a brief mention. Clearly the testes, epi-
didymis, and penis all serve a role in male fertility, supporting a bio-
logically plausible connection point. While LMWPs have been
associated with effects on fertility indices e.g. sperm, fertility index
(Kay et al., 2014; Yost et al., 2019), careful evaluation of these data
to inform the KER (i.e. initiated in the MPW, relevance of indices to
the target organs) was out of scope of this effort. The uncertainty in
the population level convergence point adds to the putative nature
of this proposed network.

Expansion of the putative network (Fig. 4) was explored via connec-
tivity to information available in the AOP‐Wiki (https://aopwiki.org).
The AOP‐Wiki was searched for KE titles of similar nature to those
herein. Hits were eliminated if the information in the title, KER descrip-
tion and/or life stage applicability domain clearly indicated amismatch
(see Supplemental Table 13 for search terms and results). The remain-
ing KEs and associated KERs and AOPs were evaluated for relevance to
this network. Three KEs were identified as similar in title and descrip-
tion to those herein: KE #1613, Decrease, dihydrotestosterone levels
(KE#5, herein); KE#1616 cryptorchidism (AO1, herein); and
KE#406 impaired fertility (AO5). Taking KE#1613 (decrease, DHT
levels) first, only 1 of the 4 associated KERs (KER # 1935: Decrease,
DHT levels leads to decrease AR activation) was concluded as relevant
as it would refine further the mechanistic events occurring between
KE5 and KE7 in AOP2. Regarding KE#1616 (cryptorchidism), the KE
is relevant as it describes the same AO captured in AOP1, however
the associated KER (#1938 impaired inguinoscrotal phase leads to mal-
formation, cryptorchidism) is irrelevant as it refers to the second phase
of testis descent which is outside of the narrowly defined gestational
window herein. This AOP however would be relevant to a network
expansion effort aimed at depicting the sequential nature of AOPs
across developmental stages leading to cryptorchidism.
4. Discussion

The objective of this review was to develop AOPs as a means to
evaluate the biological plausibility and empirical evidence supporting
(or refuting) the linkage and gestational timing of biological events

https://aopwiki.org
https://aopwiki.org


Fig. 4. Putative network to male reproductive AOs initiated in the MPW. The figure should be read from left to right and is organized in developmental time from
top to bottom. Everything sharing the same vertical plane is thought to occur in that developmental window. The horizontal planes depict: 1) linear pathway
network, 2) biological process and 3) gestational timing of events (E = embryonic day). KEs outlined in blue are those impacted during the MPW. The solid arrows
indicate KER identified as part of the AOP and the dashed arrows indicate a mechanistic link where the event was not identified as a “key” part of the AOP.
Hypothesized AOPs are underscored by a colored pathway- green for AOP1, blue for AOP2 and purple for AOP3. The dashed green between the MIE’s indicate they
may be unique, as depicted, or shared. For the network it was determined that enough evidence existed to assume the unknown MIE for AOP’s 2 and 3 is shared as
the two AOPs share the same early KE’s and it is unlikely that two distinct MIE’s would converge on the same early KE. AOP1 could not be linked to the other AOPs
with any known early KE’s therefore, until otherwise demonstrated, the MIE is depicted as a unique event. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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involved in mediating male reproductive tract abnormalities during
fetal development. As it is a large effort to describe all of the possible
perturbations through which stressors may lead to male reproductive
tract abnormalities, we focused our efforts on characterizing the path-
ways through which LMWPs perturb biology during the androgen sen-
sitive window of development. As it is also a large effort to describe
the pathways responsible for all of the male reproductive tract effects
associated with LMWP exposure, we focused on the pathways leading
to cryptorchidism, hypospadias and epididymal agenesis. The AOPs
described range in confidence from moderate to high and operate
through androgen independent (AOP1, Fig. 1) and androgen‐
dependent (AOPs 2 and 3; Figs. 2 and 3, respectively) mechanisms.
With regard to the impact of androgens, both testosterone and DHT
play an important role. To more realistically represent the complexity
of the biology and possible stressor perturbation points during this
dynamic period of development, a putative network was established.
As testosterone was not a common KE across pathways, the putative
network does not converge in the center in a bow‐tie manner at testos-
terone as has been previously illustrated in the literature (Howdeshell
et al., 2017; Clewell et al., 2020). Instead we propose a putative net-
work linking AOP2 and AOP3 through decreased steroidogenic biosyn-
thetic protein expression with convergence of all AOPS at the
population level impaired fertility AO. While extensive data were
relied upon to underpin the proposed AOPs, the confidence in each
of the AOPs varies and gaps remain, including the MIEs for all AOPs.
Through development of KER descriptions and WoE evaluation in a
manner consistent with the OECD AOP framework (OECD, 2018), this
work provides an ample contribution towards a holistic understanding
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of what is known and not known about the possible perturbation
points and AOs relevant to this narrow window of gestational
development.

A key challenge in generating this AOP network depicting pro-
cesses that are dynamic, highly interconnected and occurring in a very
short window of developmental time was avoiding inference and
assumption due to study design and information limitations. Detailed
time course studies restricted to the 3 day window of relevance (i.e.
MPW) were limited making it difficult to assign cause and effect and
untangle early androgen dependent pathways from those initiated
later in gestation. Available studies tended to involve high dose levels
to ensure induction of reproductive abnormalities, hindering dose con-
cordance assessments. The ability to assess cause and effect was also
limited by the timing of observations. Studies often assessed endpoints
simultaneously rather than sequentially over time; and observations
were often made after the gestational time points of interest. For exam-
ple, measurement of testosterone outside of the MPW, and in particu-
lar in postnatal or adult animals, was considered of limited utility for
informing the prenatal biology occurring in the MPW, especially if the
stressor exposure was not limited to the MPW. Reliance on develop-
mental biology literature was useful for clarifying, to some extent,
where extrapolation or inference of the stressor observational data
was reasonable versus unfounded. Targeted studies using lower
potency substances targeting multiple MIEs with careful dose spacing
and observational time points may prove useful to further separate
intertwined processes. Identification, standardization and utilization
of biomarkers of in utero effect are also seemingly useful in efforts
to improve confidence and clarity in the network. For example AGD
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measured post‐partum is a recognized biomarker for a change in DHT
levels in utero (Sharpe, 2020), and as such serves as an in‐life measure-
ment that allows for additional observations at later time points in
post‐natal development. Unique experimental designs are likely
needed to improve confidence in the proposed KERs and proposed net-
work convergence/divergence points.

Defining the taxonomic applicability domain for these AOPs was
out of scope of this effort. However, it should be emphasized that vari-
ations in mechanisms (molecular and anatomical) and gestational tim-
ing are expected to pose varying degrees of taxonomic restriction to
these AOPs. In this effort, evidence underpinning biological plausibil-
ity (i.e. the developmental biology literature) was primarily from mice
while the empirical evidence (i.e. the stressor data) was primarily from
rats. As there are differences in androgen responses following in utero
LMWP exposure between mice and rats (Johnson et al., 2012) and reg-
ulation of testosterone in fetal development is different in rodents than
humans (Sharpe 2020), taxonomic relevance is particularly important
to clarify for regulatory utility of these AOPs. For example, it is known
that there is a fundamental difference in the regulation of testosterone
production in the human fetal testis compared to rats (Scott et al.,
2009; Sharpe, 2020). The disparity in steroidogenesis regulation
between these two species is consistent with findings in fetal human
testes where exposure to LMWPs, both in in vitro culture and as testis
xenotransplants in immune compromised mice, results in no suppres-
sion of testosterone production (Lambrot et al., 2009; Mitchell et al.,
2010; Heger et al., 2012). This suggests a potential impact to the tax-
onomic relevance of AOP2 and AOP3 in particular, as they are andro-
gen dependent. To advance development of alternative methods and
predictive models of human relevance, understanding of the taxo-
nomic variations is important to consider and incorporate into net-
work expansion efforts.

Previous publications have proposed other designs for male repro-
ductive AOP networks based on the effects of LMWPs. These include
an interrelated, ‘bow‐tie’ network arising from both androgen‐
dependent and androgen‐independent pathways (Arzuaga et al.,
2019; Kortenkamp, 2020) with some merging clearly at the cellular
testosterone response (Howdeshell et al., 2017; Clewell et al., 2020).
The purpose for which these networks were developed varies as does
the breadth of biological pathways they have integrated. However a
notable commonality between them was the use of broadly defined
network nodes (or KEs), where several biological, cellular or target
organ states were collapsed or “grouped” into a single KE. For exam-
ple, some presented INSL3 and androgen in a single networking node
(Howdeshell et al., 2015; Howdeshell et al., 2017; Arzuaga et al.,
2019), some grouped various hormones into a generalized ‘androgen
response’ (Arzuaga et al., 2019; Kortenkamp, 2020), and most com-
monly the AOs were merged or grouped in a manner depicting all
reproductive malformations as equivalent or able to substitute for
another (Howdeshell et al., 2015; Howdeshell et al., 2017; Arzuaga
et al., 2019; Kortenkamp, 2020). The grouping of KEs and manner in
which KEs were described in these published networks (Howdeshell
et al., 2015; Howdeshell et al., 2017; Arzuaga et al., 2019; Clewell
et al., 2020; Kortenkamp, 2020) challenged our ability to build upon
these efforts and hindered our ability to identify and address
inconsistencies.

A KE is meant to define a single measurable event within a specific
biological level of organization, with a KER meant to define a causal
and predictive relationship between KEs (OECD, 2018). As discussed
in Villeneuve et al. (2018a), the extent of biological resolution to
include in an AOP is determined by the developer, and an AOP can
be reduced to a minimal few KEs if the weight of correlative evidence
is sufficient. If a KE encompasses several changes this may prove prob-
lematic to the base utility of the AOP. For example, it is easily foreseen
how grouping of KEs will make quantification of KERs more difficult
and obscure the biological understanding needed for development of
alternative testing approaches for these outcomes. In the network pre-
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sented in Fig. 4, the independence of cryptorchidism from testosterone
is well supported, as well as the reliance of hypospadias on DHT rather
than testosterone. Refining the KEs to specify androgens could provide
regulators an additional level of understanding when considering com-
pounds with less well‐studied effects, For example, a stressor could
theoretically produce offspring with normal testosterone levels but
also show cryptorchidism (due to impacts on INSL3) or hypospadias
(due to inhibitory effect on the enzymatic conversion of testosterone
to DHT). Arguably, the network depiction in Fig. 4 may obscure con-
nectivity of the biology as testosterone is not represented as the mech-
anistic precursor to DHT in AOP2. As steroidogenesis is a multi‐step
process, the level of biological resolution in the KE descriptions and
KE selections will impact network points. Just as the grouping of
KEs in the previously published networks (Howdeshell et al., 2015;
Howdeshell et al., 2017; Arzuaga et al., 2019; Clewell et al., 2020;
Kortenkamp, 2020) challenged our ability to build upon these efforts,
our choices of KE descriptors could hinder linkage to other AOPs. More
clarity on the extent of biological resolution needed for KEs will likely
come as more AOPs relevant to male reproductive development are
established.

An important area of focus during the construction of the AOPs/
AOP network herein, was on gestational temporality and aligning
the KE/KERs with gestational timing. Publications depicting AOPs/
AOP networks associated with perturbation of androgen mediated
reproductive development have, for the most part, acknowledged the
importance of GD15.5–18.5 as necessary and sufficient for LMWPs
to initiate the AOPs (i.e. trigger the MIE) (Howdeshell et al., 2017;
Arzuaga et al., 2019; Clewell et al., 2020; Kortenkamp, 2020). How-
ever they are not so careful to define the window of development of
the other KEs, or depict the separation in developmental time among
networked AOPs. For example, Howdeshell et al (2017) utilizes an
AOP network to depict the multiple mechanisms and MIEs by which
LMWPs in combination with other stressors can interfere with andro-
gen singling to disrupt male reproductive development to help inform
an approach for cumulative risk assessment. The network depiction
appears to link together the transabdominal phase of testicular descent
(influenced by INSL3 and relevant during gestation in rats), and the
inguinoscrotal phase of testicular descent (influenced by androgen
and relevant during postnatal development in rats) in a manner por-
traying these pathways co‐occur in biological time. However these
two phases of testicular descent occur weeks apart in development.
If cumulative risk assessment is concerned with how chemicals behave
when they are present together, it may be important to distinguish
pathways in a network that do not co‐occur in biological time as this
informs what is plausible with respect to the trajectory of outcomes.
In addition, the inguinoscrotal phase of testicular descent (the
androgen dependent phase) occurs in utero in humans and postnatally
in rodents (Picut et al., 2017). This species difference in life stage
applicability of the AOPs may restrict the taxonomic validity of the
network or result in different network connections based on other
species differences during this period of development. During
development, life stage considerations may be the most restrictive
boundary of how broadly data may be extrapolated, including
potential human relevance. Life stage specificity is also important for
informing when data become evidence in a chemical hazard
assessment (e.g., testosterone levels measured in adulthood provides
little value in informing on the ability of a chemical to influence
testosterone levels during gestation), for guiding experimental design
(e.g. duration of exposure or optimal observation time point), and
may be key to reconciling inconsistencies in a chemicals ability to
elicit effects across a group of studies with a wide range of
experimental designs.

Current OECD AOP guidance (OECD, 2018) identifies life stage rel-
evance as an important consideration in bounding the biological
domain of applicability of an AOP. In the AOP‐wiki, structured terms
can be selected to identify life stage relevance with options to clarify
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further in a free text field. These structured terms are fairly broad (e.g.
developmental, fetal, juvenile) compared to the refinement to gesta-
tional days/weeks depicted herein. To facilitate broader use of AOPs,
incorporation of more refined life stage information beyond ‘in utero’
or ‘fetal’ life stage designation (e.g. gestational timing) should be
encouraged. Incorporation of life stage information to include gesta-
tional timing in the KE details will facilitate generation of AOP net-
works that depict the toxicodynamics during a narrow development
stage. This would allow for sequential network depictions of critical
molecular and morphological progressions that more appropriately
capture the complexity of developmental biology. Unfortunately, there
is variation in the literature for the different fetal developmental stages
in a given species and standard milestones across taxa that can be read-
ily applied do not exist (Picut et al., 2017). However, this may be
important to tackle in order to facilitate more informed linkages in
the AOP‐wiki between shared KEs and re‐use of information by AOP‐
wiki users.

The OECD has recognized the importance of standardized organiza-
tion of information as critical to support confidence in use of AOPs and
guidance for AOP development is available from many sources
(Villeneuve et al., 2014a; Fay et al., 2017; OECD, 2017; Knapen
et al., 2018; OECD, 2018). However, the manner in which AOPs are
developed and the pathway specificity with which they are character-
ized is still evolving and this experience suggests further clarity of the
OECD AOP development standards is warranted. First, and as dis-
cussed above, variation in KE naming conventions, limited KE descrip-
tions, and level of mechanistic abstraction when selecting KEs
continues to challenge the development of sharable KEs. Deviations
from the current OECD KE naming conventions may be needed to
ensure appropriate level of biological refinement to improve connec-
tivity among AOPs (Leist et al., 2017; Villeneuve et al., 2018b). As
well, guidance on how explicitly to characterize an unknown MIE
would improve utility of these knowledge gaps. For example, inclusion
of maximal information on biological context and speculative molecu-
lar targets would avoid propagation of fragmented information and
could facilitate appropriate networking particularly if a plausible
MIE is entered into the AOP‐Wiki (https://aopwiki.org) at a future
date. Second, standardizing approaches to data collection may be a
beneficial advancement of the AOP development process. In this effort,
potential AOPs were first characterized based on developmental biol-
ogy knowledge, followed by multiple rounds of targeted investigative
literature searches (in both the biology and toxicology fields) to inform
biological plausibility and empirical evidence to support KERs. While
step‐wise and meticulous, clear documentation of the key questions
that drove the literature searches and clarity of literature relied upon
(versus excluded) would have enhanced transparency in WoE under-
pinning these AOPs. Expanding the AOP framework to include stan-
dards for evidence identification has been suggested as a means to
improve confidence (De Vries et al., 2021; Kleinstreuer et al., 2016;
Leist et al., 2017); however the standards would have to be flexible
to accommodate the iterative nature of the AOP development process
and evergreen status of AOPs. Finally, inclusion of fit‐for‐purpose cri-
teria may alleviate the evidence evaluation burden on AOP practition-
ers. It is currently the case that sufficiency of an AOP for a given
purpose is user determined, even for AOPs that have gone through
the OECD AOP review program (OECD, 2014, 2020). Indeed the OECD
endorsement of AOPs refers to confidence in the scientific review pro-
cess that the AOP has undergone rather than endorsement that the
AOP is sufficiently complete for use in regulatory application (OECD,
2020). This means the AOP practitioner must commit to understand-
ing the developers scope, decision points and evidence basis, to inde-
pendently conclude if the AOP is fit for their intended use. In this effort
succinctly capturing the basis of WoE while achieving adequate trans-
parency was a big challenge. Reviewing the lengthy evidence con-
tained herein poses a heavy burden on any user of these AOPs.
Establishing “readiness for use criteria” (e.g. as proposed by Coady
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et al. (2019)) is likely important if the full potential of AOPs is to be
realized.

The breadth of data and interdisciplinary knowledge exist to
advance next generation toxicity test methods and the AOP framework
represents a conceptual construct to facilitate and foster collaborative
efforts to this end. The AOP network herein provides a foundation to
advance additional efforts. Efforts to clarify how changes at the molec-
ular level may relate to the AOs of concern by mining high‐throughput,
high‐ content databases could inform the MIE or lead to more rapid
development of additional networked AOPs. The systems approach
to identifying an array of potential molecular targets involved in male
reproductive development by Leung et al. (2016) provides insights to
this end; as does a recent publication by Gray et al. (2021) evaluating
genomic responses in fetal testes exposed to an array of chemicals.
Identifying the MIE would rapidly advance identification of a targeted
in vitro assay for inclusion in an integrated testing approach for male
reproductive development. Future efforts could also involve advancing
quantification of KERs through computational analysis of legacy dose
response data to generate mathematical prediction models. A clear
next step towards collaborative utility of this network is entry of these
AOPs into the AOP‐Wiki.
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