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Abstract

Screening and testing of potential endocrine-disrupting chemicals for ecological effects is an 

example of a risk assessment/regulatory activity that can employ adverse outcome pathways 

(AOPs) to establish linkages between readily measured alterations in endocrine function and 

whole organism- and population-level responses. Of particular concern are processes controlled 

by the hypothalamic-pituitary-gonadal/thyroidal axes (HPG/T). However, the availability of AOPs 

suitable to meet this need is currently limited in terms of species and life-stage representation in 

the context of the diversity of endpoints influenced by HPG/T function. In this report we describe 

two novel AOPs that comprise a simple AOP network focused on the effects of chemicals on sex 

differentiation during early development in fish. The first AOP (346) documents events starting 

with inhibition of cytochrome P450 aromatase (CYP19), resulting in decreased availability of 

17β-estradiol during gonad differentiation, which increases the occurrence of testis formation, 

resulting in a male-biased sex ratio and consequent population-level declines. The second AOP 

(376) is initiated by activation of the androgen receptor (AR), also during sexual differentiation, 

again resulting in a male-biased sex ratio and population-level effects. Both AOPs are strongly 

supported by existing physiological and toxicological evidence, including numerous fish studies 

with model CYP19 inhibitors and AR agonists. Accordingly, AOPs 346 and 376 provide a basis 

for more focused screening and testing of chemicals with the potential to affect HPG function in 

fish during early development.
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Introduction and Background

For almost three decades endocrine-disrupting chemicals (EDCs) have been of concern 

in both the lay and scientific communities relative to potential effects on human health 

and the environment (Colborn et al. 1996; Hotchkiss et al. 2008). There have been 

legislated mandates throughout the world to conduct hazard or risk assessments and 

institute regulatory controls for chemicals that could adversely affect aspects of development 

and reproduction by perturbing endocrine function controlled through the hypothalamic-

pituitary-gonadal and thyroidal (HPG/T) axes (Hotchkiss et al. 2008). The emphasis on 

chemicals that cause adverse effects through alterations of specific pathways represents a 

notable conceptual change for ecological risk assessments, which historically have largely 

focused on the occurrence of unacceptable apical effects as opposed to their etiology. This 

emphasis on toxic mechanism(s) has resulted in the development of a relatively extensive 

suite of assays/tools designed to detect perturbation of HPG/T axes in ecologically relevant 

species, typically through biochemical, physiological, and histological measurements made 

using in vitro or in vivo assays (Coady et al. 2017). While many of these types of assays 

can be remarkably sensitive and efficient in determining whether a chemical is endocrine-

active, they typically do not simultaneously collect data that directly pertain to endpoints 

needed to conduct ecological risk assessments, specifically, changes in development and/or 

reproduction germane to predicting population-level impacts (Matthiessen et al. 2017).

Development of the adverse outcome pathway (AOP) framework was fueled by the 

need to establish transparent, causal associations in responses across biological levels of 

organization, linking defined molecular initiating events (MIEs) to potential apical effects 

meaningful to risk assessment (Ankley et al. 2010). Consequently, AOPs directly address 

the challenge faced by scientists and risk assessors seeking to make the connection between 

chemically induced changes in endocrine function and population-relevant effects. In fact, it 

was this need that fueled the identification and development of many early AOPs for both 

human health and ecological effects. For example, of the 350+ author-described AOPs in the 

AOP-Wiki, approximately 15% focus on some aspect of endocrine function (Organisation 

for Economic Cooperation and Development [OECD] 2022: Society for the Advancement of 

Adverse Outcome Pathways [SAAOP] 2022). There has been relatively extensive discussion 

of the critical role(s) AOPs play in screening and testing of EDCs (Browne et al. 2017; 

Coady et al. 2017; Noyes et al. 2019; Knapen et al. 2020; McCardle et al. 2020).

The extent of coverage provided by extant AOPs for endocrine pathways of regulatory 

concern in different life stages of aquatic species is variable. For example, 20 AOPs in the 

AOP-Wiki capture multiple MIEs and developmental endpoints related to HPT axis function 

in fish, amphibians, and mammals (Noyes et al. 2019; Knapen et al. 2020). However, in 

terms of the HPG axis, AOPs for aquatic vertebrates are lacking for critical developmental 

endpoints such as gonad differentiation and sexual development, which are known to be 
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controlled by the interaction of ligands with estrogen and androgen receptors (ERs, ARs; 

Norris and Carr 2020; Delbas et al. 2022). In fact, one of the best characterized examples 

of the effects of EDCs in the environment involves feminization of genetically male fish 

by exogenous ligands of the ER (Purdom et al. 1994; World Health Organization 2002), 

an etiology that can arise from organizational events occurring during early developmental 

(Ankley and Johnson 2004). Although less prominent than estrogen-induced feminization, 

there also are reports of the masculinization of fish exposed to AR agonists associated, 

for example, with animal feedlots and pulp and paper mill effluents (Howell et al. 1980; 

Larsson et al. 2000; Parks et al. 2001; Orlando et al. 2004; Durhan et al. 2006). To 

address the lack of AOPs relevant to HPG effects in early life-stage fish, the goal of the 

effort summarized in this paper was to develop two AOPs linking early developmental 

perturbations to masculinization in later life-stages. Development of the AOPs described 

herein is complemented by a parallel effort to advance a modeling construct to predict 

impacts of male-skewed cohorts on fish populations (Miller et al. 2022).

Brief AOP Description

Fish have the largest array of reproductive strategies of any vertebrate class, ranging 

from gonochorism to synchronous/sequential hermaphrodism to unisex reproduction. Sex 

determination (i.e., male versus female) and sex differentiation (i.e., development of 

testes versus ovaries) in gonochoristic species are controlled by a variety of genetic and 

environmental variables, including chemicals that interact with ERs and ARs (Devlin and 

Nagahama 2002; Leet et al. 2011). In many species, the default gonadal sex is male, 

with production of 17β-estradiol (E2) providing the stimulus for differentiation to ovaries 

(Guigen et al. 2010; Kobayashi et al. 2013). For example, exposure of developing fish to 

exogenous ER agonists can skew gonad development to ovaries, whereas depression of 

synthesis of endogenous E2 from testosterone through inhibition of aromatase (cytochrome 

P450 19 [CYP19]) results in a predominance of animals with testes (Devlin and Nagahama 

2002; Guigen et al. 2010; Leet et al. 2011; Kobayashi et al. 2013). Exposure of fish to 

AR agonists during sexual differentiation also can skew the population toward males, a 

technique that has been widely employed in the aquaculture industry (Pandian and Sheela 

1995; Budd et al. 2015). The exact mechanism(s) through which androgen exposure induces 

male-biased sex differentiation is not well-defined, although some have hypothesized it may 

be associated with down-regulation of CYP19 and resultant decreases in estrogen (Kitano et 

al. 2000).

Given basic knowledge of the endocrinology and physiology of sex differentiation in fish, 

two novel AOPs are described (Figure 1; Box 1). Both AOPs (AOPs 346 and 376; SAAOP 

2022) lead to populations of animals with male-biased sex ratios. There are two different 

MIEs, one involving inhibition of CYP19 aromatase (Key Event [KE] 36) leading to 

decreased E2 synthesis (KE 1789), which results in an increased occurrence of animals with 

testes and a male-biased population (KEs 1790 and 1791, respectively), and culminating 

in the adverse outcome of decreased population size (KE 360). The MIE for the second 

AOP is activation of the AR (KE 25) leading directly to an increased occurrence of testes 

and the other KEs thereafter. Given that the two AOPs share KEs 1790, 1791 and 360, we 

are describing a simple AOP network (Villeneuve et al. 2014; 2018), which can serve as a 
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basis, for example, for predicting the effects of mixtures of endocrine-active chemicals with 

differing MIEs (e.g., Ankley et al. 2020).

The various events defined in an AOP need to be directly or indirectly measurable 

(Villeneuve et al. 2014). It is beyond the scope of this short overview to describe the 

multitude of approaches that have been/could be used to measure the various KEs in the 

AOP network (Figure 1). Further detail concerning measurement approaches can be found 

on the various KE pages associated with AOPs 346 and 376 in the AOP-Wiki (SAAOP 

2022). Herein we provide brief illustrative examples specific to the fathead minnow 

(Pimephales promelas), a small fish species used as a model system for EDC research and 

testing (Ankley and Johnson 2004). Neither MIE can be directly measured in vivo. However, 

chemical effects on fathead minnow CYP19 activity and AR binding both can be measured 

in vitro. For example, Villeneuve et al. (2006) describe the measurement of CYP19 activity 

in ovarian and brain preparations, as well as the effects of chemical inhibitors on E2 

synthesis in ovaries from the fathead minnow (Villeneuve et al. 2007). Wilson et al. (2004) 

reported the binding of chemicals, including steroidal androgens, to cloned fathead minnow 

AR. In terms of KE 1789, direct measurements of E2 production by the undifferentiated 

gonad in fathead minnows have not been conducted, but techniques exist whereby E2 

production by tissues could be measured using an ex vivo assay (e.g., Ankley et al. 2007; 

adapted from McMaster et al. 1995). Alternatively, reductions in E2 synthesis could be 

indirectly assessed using radioimmunoassay methods optimized to detect E2 concentrations 

in small volume samples (Jensen et al. 2001). Testes can be easily distinguished from ovaries 

visually in adult fathead minnows (KE 1790); however, it may be necessary to employ 

histological and magnification techniques for this assessment in juvenile fish (e.g., Leino et 

al. 2005). Finally, translation of the consequences of male-skewed populations (KE 1791) 

on fathead minnow population dynamics (KE 360) can be predicted using the modeling 

construct described by Miller et al. (2022).

Summary of Scientific Assessment

A weight-of-evidence assessment of robustness of an AOP is based on several 

considerations, including biological plausibility, demonstration of the essentiality of the 

KEs, and consistency of AOP-predicted outcomes with extant empirical evidence (Becker et 

al. 2015). These considerations are each addressed in detail in the AOP 346 and 376 pages in 

the AOP-Wiki and are briefly summarized below. We also consider the biological domain of 

applicability of the two AOPs, as well as the environmental occurrence of stressors that can 

cause effects via the AOPs.

Biological Plausibility

Based on extensive knowledge concerning reproductive physiology and gonad 

differentiation/development in fish, AOPs 346 and 376 are both considered highly plausible. 

Aromatase is a rate-limiting enzyme in the conversion of testosterone to E2 (Payne and 

Hales 2004), so the biological plausibility of aromatase inhibition leading to reductions in 

available E2 is clear. Since E2 is a major regulator of normal female gonad development 

(Guiguen et al. 2010), reductions in signaling required for ovarian differentiation is 
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decreased and the bipotential gonad will default to development of testes (Yin et al. 2017; 

Zhang et al. 2017), thus plausibly resulting in a male-biased sex ratio in a population. 

A male-biased sex ratio would logically lead to a reduction in the number of breeding 

females such that, over time, decreases in recruitment result in population decline (Miller 

et al. 2022). While molecular processes linking AR activation (AOP 376) to increased testis 

differentiation in fish are less well understood than for CYP19 inhibition (AOP 346), there 

also is a substantial amount of empirical evidence that show this is a biologically plausible 

pathway.

Essentiality

Essentiality provides a powerful demonstration of the veracity of a proposed AOP, in that 

the concept demonstrates that if an early KE (such as the MIE) is blocked, subsequent KEs 

(including adverse outcomes) do not occur. There is good evidence of essentiality for AOP 

346 based on gene modification studies in fish. Lau et al. (2016) generated insertion/deletion 

mutations in the zebrafish (Danio rerio) gonadal CYP19 gene (cyp19a1a) using TALEN 

(transcription activator-like effector nuclease) and CRISPR (clustered regularly interspaced 

short palindromic repeats)/Cas9 approaches. All mutant cyp19a1a−/− fish developed as 

males. Histological examination (at 120 days post-fertilization [dpf]) of the cyp1a1a−/− 

mutants showed that they exhibited normal spermatogenesis in the testis with no observable 

difference between the wild type (+/+) and heterozygous (+/−) males. Further, to confirm 

the necessity of E2 synthesis for ovarian differentiation, they performed an experiment to 

“rescue” the phenotype of cyp19a1a mutants by exposure to E2 during the period of gonadal 

differentiation (15–30 dpf). This intervention resulted in normal functioning ovaries, even 

in some individuals at the lowest E2 concentration tested. In a similar study also with 

zebrafish, Yin et al. (2017) generated cyp19a1a and cyp19a1b (brain form of aromatase) 

mutant lines and a cyp19a1a;cyp19a1b double-knockout line using TALENs. All cyp19a1a 
mutants and cyp19a1a;cyp19a1b double mutants developed as males, whereas the cyp19a1b 
mutants (−/−) had a 1:1 sex ratio similar to the wild type controls. This again supports the 

essentiality of gonadal aromatase inhibition for testis differentiation that would lead to a 

male biased sex ratio. Additionally, a small rescue experiment performed with E2 on all 

male mutant cyp1a1a−/− fish indicated that exposure to the estrogen led to transformation of 

some males to females. Finally, similar experiments in Nile tilapia (Oreochromis niloticus) 

were described by Zhang et al. (2017), who worked with female mutants for cypa19a1a. 

Results showed that all cyp19a1a+/− XX and cyp19a1a+/+ XX fish developed as females, 

whereas all cyp19a1a−/− XX and cyp19a1a−/− XY fish developed as males, based on gonad 

differentiation. The cyp19a1a−/− XX tilapia shifted to the male pathway as early as 5 days 

post hatch (dph) and ultimately were fertile.

There is also strong evidence demonstrating essentiality for AOP 376 based on gene 

manipulation and chemical inhibition studies. Golan and Levavi-Sivian (2014) exposed 

genetic Nile tilapia females to 17α-methyltestosterone (a synthetic steroid) and showed that 

the AR agonist produced a 100% male-biased sex ratio. However, in combined exposures 

with the model AR antagonist flutamide (a pharmaceutical), the sex inversion potency was 

reduced, highlighting the critical nature of the AR as the MIE. In a gene manipulation 

study, Crowder et al. (2018) generated zebrafish with a mutation in the AR gene, most 
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of which developed ovaries and displayed female secondary sexual characteristics. The 

small percentage of mutants that developed as males displayed female secondary sexual 

characteristics with structurally disorganized testes and were unable to produce normal 

levels of sperm. Finally, in a similar study also with zebrafish, Yu et al. (2018) generated an 

AR gene mutant line using CRISPR/Cas9. The number of female offspring was increased, 

and the resulting AR-null males had female secondary sex characteristics and were infertile 

due to defective spermatogenesis, again directly demonstrating importance of the AR in 

testis differentiation and development.

Empirical Evidence

Data from a variety of studies with fish provide critical insights as to the concordance 

and consistency of the proposed AOPs. Much of this work has been done with known 

chemical inhibitors of CYP19 (AOP 346, KE 36) or AR agonists (AOP 376, KE 25) in the 

context of EDC testing or aquaculture research. Studies that employ multiple doses of the 

test chemical(s) and evaluate more than one KE are most useful in terms of determining 

concordance of a given AOP, but more limited studies also can be very important in 

demonstrating consistency of AOP predicted outcomes. This type of information is captured 

in concordance tables associated with the AOP 346 and 376 pages in the AOP-Wiki 

(SAAOP 2022). Following we present a subset of illustrative information from the tables.

AOP 346 Empirical Evidence Summary

Chemical inhibition of aromatase is most easily measured in vitro. Doering et al. (2019) 

determined the effects of different concentrations of several established CYP19 inhibitors 

(e.g., the pharmaceutical fadrozole, the fungicide prochloraz) on brain aromatase activity 

in a taxonomically diverse set of fish species. Activity was inhibited in a dose-dependent 

manner and while absolute potency of the chemicals varied across species, rank order 

potency of the test chemicals was generally similar. The same aromatase inhibitors assessed 

by Doering et al. (2019) in vitro were also used in many the in vivo studies presented below.

Several in vivo studies with fish have evaluated the effects of varying degrees of aromatase 

inhibition on different KEs in AOP 346. However, there are limitations to these studies 

in the context of determining dose-dependency across all KEs in the AOP. Most studies 

measure dose-dependent effects of a model chemical on only one KE, however, there 

are a couple that have considered multiple KEs (albeit at a limited number of time 

points). For example, Ruksana et al. (2010) exposed Nile tilapia from 9–35 days dph to 

the aromatase inhibitor exemestane at 100, 500, 1000 and 2000 μg/g feed, and used an 

immunohistochemical analysis to show there was no cross-reactivity with CYP19 at the 

three highest doses. However, gonad tissue samples exhibited a strong immuno-positive 

response at the lowest dose of exemestane (100 μg/g feed) at a level similar to control fish. 

No ovarian development was noted in fish in the 1000 and 2000 μg/g treatments, with the 

animals exhibiting complete testicular differentiation. Uchida et al. (2004) evaluated two 

KEs in AOP 346 in an experiment with zebrafish genetic females produced by mating of 

wild-type females with gynogenetic sex-reversed males. In fish exposed to fadrozole from 

15–40 dph via the diet ovarian transition to testis was observed, culminating in 62.5, 100 and 

100% males in 10, 100 and 1000 μg/g treatments, respectively.
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The most frequently reported dose-response relationship for AOP 346 is for non-adjacent 

relationships between aromatase inhibition (the MIE) and one of two different downstream 

KEs, increased differentiation to testes or an increased male-biased sex ratio. For example, 

Muth-Köhne et al. (2016) showed a dose-dependent rate of male gonad maturity index in 

zebrafish exposed from 0–63 dph to different concentrations of fadrozole via the water. 

Studies with Nile tilapia, zebrafish, fathead minnows, bluegill (Lepomis macrochirus), 

yellow catfish (Pelteobagrus fulvidraco) and Japanese flounder (Paralichthys olivaceus) 

exposed during development to different concentrations/doses of known aromatase inhibitors 

(fadrozole, letrozole, prochloraz) via the diet or water reported dose-dependent increases in 

the relative number of males (Kwon et al. 2000; Kitano et al. 2000; Thorpe et al. 2011; 

Holbech et al. 2012; Gao et al. 2010; Shen et al. 2013). All these studies demonstrate 

consistency of the AOP relative to expected outcomes in the context of different intensity of 

the perturbation of the MIE.

AOP 376 Empirical Evidence Summary

There is a significant amount of empirical evidence from studies with fish supporting AOP 

376. The dose-dependence of the responses relative to the concentration of exogenous AR 

agonists has been established in vivo for some key events in the AOP. As for CYP19 

inhibition, activation of the AR (the MIE) is difficult to directly measure in vivo. However, 

relative AR binding affinity of several of the agonists tested in vivo has been documented 

using in vitro studies with fish ARs (e.g., Wilson et al. 2004). This in vitro evidence 

can reliably be used to identify specific chemicals as AR agonists (i.e., able to activate 

the MIE). That is, dependence of the downstream in vivo responses on concentration 

and potency of chemicals activating the AR in vitro can be used as indirect evidence of 

dose-response concordance between the MIE and later KEs. Wilson et al. (2004) used an 

assay with stably transfected fathead minnow AR in whole cells for competitive binding 

experiments with several natural and synthetic steroids. The model compounds bound 

to the AR in a concentration-dependent manner, with rank affinity of synthetic steroids 

R1881›17α-methytestosterone›17α- and 17β-trenbolone. Of the natural steroids evaluated, 

dihydrotestosterone was the most potent followed by the fish-specific androgen, 11- 

ketotestosterone, then testosterone and androstenedione. The different androgenic steroids 

tested by Wilson et al. (2004) in vitro have been used in various in vivo experiments selected 

to support our weight-of-evidence assessment of AOP 376.

Studies with zebrafish and Japanese medaka (Oryzias latipes) exposed to 17β-trenbolone 

or methyltestosterone during development resulted in gonadal masculinization in a 

concentration-dependent manner. This was evidenced by increased maturation of testes, 

including (in some of the studies) increased spermatozoa abundance or amount of testicular 

tissue (Seki et al. 2004; Örn et al. 2003; 2016; Morthorst et al. 2010; Baumann et al. 2014). 

Dietary or water-borne exposures during early development to known steroidal androgens 

(17β-trenbolone, methyltestosterone, methyldihydrotestosterone or 11-ketotestosterone) 

have been shown to produce male-skewed sex ratios in a concentration-dependent manner 

in different fish species, including channel catfish (Ictalurus punctatus), Chinook salmon 

(Oncorhynchus tshawytscha), fathead minnow, and zebrafish (Piferrer et al. 1993; Galvez et 

al. 1995; Morthorst et al. 2010; Holbech et al. 2012; Baumann et al. 2014).
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Evaluation of empirical data can also identify where there may be inconsistencies relative 

to a proposed AOP. In the case of AOP 376, the preponderance of evidence indicates 

that exposure of a wide variety of teleost fishes to known AR agonists during sexual 

differentiation will produce male-skewed fish cohorts. For example, Pandian and Sheela 

(1995) provided a comprehensive overview of effects of steroidal hormones on sex inversion 

in the context of aquacultural practices and reported that methyltestosterone had been used 

to successfully produce male-biased sex ratios in 25 different teleost species. There are, 

however, reports in which exposure to aromatizable androgens such as methyltestosterone 

led both to masculinization and feminization of fish (e.g., Piferrer et al. 1993; Örn et al 

2003). This most likely is due to conversion of the androgen to its corresponding estrogen 

analogue (i.e., methylestradiol; Hornung et al. 2004). In other instances, non-aromatizable 

androgens (e.g., dihydrotestosterone) have been reported to feminize fish exposed during 

early development (e.g., Davis et al. 1992; Bogers et al. 2006). The mechanism underlying 

this is uncertain, but plausibly could involve binding to the estrogen receptor which is known 

to interact with a variety of steroids, including androgens at comparatively high exposure 

concentrations.

Applicability Domain

A critical component of the development and documentation of an AOP involves 

identification of its biological domain of applicability in terms of life-stage, sex, and 

species. An important application of AOPs involves prediction of potential effects of a 

given chemical or non-chemical stressor in an organism in scenarios where empirical data 

are lacking. As such, definition of applicability domain dictates the degree to which effects 

extrapolation is supportable. In terms of AOPs 346 and 376, the applicable life-stage is 

developing embryos and juveniles prior to- or during gonadal development. These AOPs 

are not applicable to sexually differentiated adults. The MIEs for the two AOPs, inhibition 

of CYP19 and AR activation, occur prior to gonad differentiation. Therefore, the AOPs are 

only applicable to sexually undifferentiated individuals.

Definition of the taxonomic domain applicability of AOPs 346 and 376 is more challenging. 

Phylogenetic analysis and evaluation of protein sequence data using the publicly available 

software package SeqAPASS (sequence alignment for across species susceptibility) has 

shown that the structure of the MIE proteins, CYP19 and the AR, are well conserved among 

most jawed vertebrates (LaLone et al. 2018). However, the two AOPs are not expected to 

apply to mammals, birds, or other jawed vertebrates with genetic sex determination. They 

may, however, be broadly applicable to fishes, amphibians, and reptiles with environmental 

sex determination, although outcomes may differ across physiologically different taxa. From 

a pragmatic perspective, most physiological and toxicological evidence supporting the two 

AOPs is derived from fish in class Osteichthyes (bony fishes). AOP 376 is not considered 

relevant to Agnathans since the AR appears not to be present in jawless fishes (Thornton 

2001). However, given the substantial diversity of sex determination and differentiation 

strategies even within Osteichthyes (Angelopoulou et al. 2012), quantitative sensitivity and 

taxonomic domain of applicability of the two AOPs are hard to generalize, although it does 

seem reasonable to suppose they would have broad applicability in bony fishes. Pragmatic 

support for this hypothesis comes from analyses such as conducted by Pandian and Sheela 
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(1995) who found that developmental exposure to different steroidal AR agonists does 

indeed produce male-biased sex ratios in a taxonomically diverse group of fish species 

important to aquaculture.

Known Chemical and Nonchemical Stressors

There are many environmentally relevant chemicals capable of triggering the MIEs for 

AOPs 346 or 376. Human pharmaceuticals (e.g., fadrozole, letrozole) that specifically inhibit 

CYP19 (KE 36) theoretically could occur in aquatic environments, although it is unlikely 

that contamination by these types of compounds would be widespread. Also relevant to the 

AOP are various conazole (triazole, imidazole) fungicides used as veterinary and human 

drugs and, more substantively, for a variety of agricultural applications worldwide (see 

Bhagat et al. 2021 and references therein). Conazole fungicides act through the inhibition 

of CYP51, which is involved in the synthesis of ergosterol used in formation of fungal cell 

walls; however, most are not specific to CYP51 and can bind to and inhibit different CYP 

isozymes, including those involved in steroidogenesis in vertebrates (Kjaerstad et al. 2010; 

Bhagat et al. 2021). In fact, some conazoles (e.g., prochloraz, propiconazole) are used as 

model EDCs based on their ability to inhibit CYP19 in both mammalian and fish species 

(Kjaerstad et al. 2010; Holbech et al. 2012; Dang and Kienzler 2019). Matthiessen and 

Weltje (2015) conducted an eco-epidemiological analysis comparing effects from lab studies 

with fish and conazoles to occurrence of the same fungicides from field monitoring studies 

and concluded that rarely would environmental concentrations of the conazoles be sufficient 

to cause masculinization. However, monitoring data used for that analysis were somewhat 

limited.

While vertebrate ARs are notably less “promiscuous” than various ERs in terms of the 

structural diversity of chemicals that can act as agonists, there are known environmental 

contaminants that activate fish ARs (KE 25). Specifically, both natural and synthetic 

steroidal androgens enter aquatic environments in conjunction with human and animal 

wastes. For example, the synthetic growth promotor 17β-trenbolone has been hypothesized 

as contributing to masculinization of fish at sites in the vicinity of livestock feeding 

operations (Orlando et al. 2004; Durhan et al. 2006; Ankley et al. 2018). Masculinized 

fish from the field also have been observed at sites receiving pulp/paper mill effluent 

(e.g., Howell et al. 1980; Larsson et al. 2000; Parks et al. 2001), which typically contain 

a complex mixture of plant-derived sterols. Although known steroidal AR agonists have 

been detected in pulp mill effluent (e.g., androstenedione), specific identities of chemicals 

causing androgenic activity remains uncertain (e.g., Durhan et al. 2002). Also, there are 

a wide variety of steroidal androgens used to purposely masculinize fish that could enter 

aquatic environments associated with aquacultural operations (Pandian and Sheela 1995). 

Finally, there is the potential for environmental occurrence of steroidal progestins used as 

pharmaceuticals in humans, some of which can act as potent AR agonists in fish (e.g., 

levonorgestrel), producing masculinization in developing animals (Dang and Kienzler 2019).

There is at least one nonchemical stressor that can influence AOP 346, namely temperature, 

which could be very consequential in the context of climate change. Temperature-dependent 

sex determination has been clearly demonstrated in various fish, as well as reptile species 
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(Ramsey et al. 2007; Yamaguchi et al. 2007 Kobayashi et al. 2013; Norris and Carr 2020). 

In at least some species the effects of temperature on sex ratio appear to be controlled via 

differential expression of aromatase. For example, D’Cotta et al. (2001) exposed Nile tilapia 

to temperatures of 27.8 versus 35.8 C and found that the higher temperature decreased 

aromatase expression while increasing the male sex ratio. A similar observation was made 

by Uchida et al. (2004) in zebrafish.

Potential Applications

The AOP framework directly supports hazard and risk assessments for EDCs. While specific 

strategies employed by different authorities tasked with assessing risks of EDCs vary 

somewhat regionally, virtually all use some variation of a tiered screening and testing 

approach, as exemplified by a framework developed by the OECD (OECD 2012). Chemical 

hazard in prospective assessments (i.e., new, or untested chemicals) initially is evaluated 

using existing knowledge, computational predictions, and/or measurements from in vitro 
assays to determine potential for interactions with HPG/T axes. The tiered assessment then 

proceeds to short-term in vivo tests and, when deemed necessary, long-term (including full 

lifecycle) assays in taxa of concern. Critical to this process is identifying in vivo assays and 

endpoints suitable for assessing risk, a need that AOPs address.

By way of specifically illustrating the role of AOPs it is useful to consider the EDSP 

(Endocrine Disruptor Screening Program) in the US (USEPA 2019). The USEPA EDSP 

aims to assess up to 10,000 chemicals in terms of potential effects on HPG/T function in 

humans and nonmammalian species. This clearly is not a task achievable solely through in 

vivo testing, so an initial proposed step involves the use of models based on data from in 
vitro high throughput (HTP) assays to identify chemicals likely to interact with endocrine 

pathways of regulatory concern. For example, systems have been developed to identify 

chemicals with the potential to affect ERs (Judson et al. 2015), ARs (Kleinstreuer et al. 

2017) and enzymes involved in steroid synthesis, including CYP19 (Haggard et al. 2018). 

Results of these assays essentially capture AOP MIEs, which allows for the identification 

of assays/endpoints suitable for higher tier testing and risk assessment (Browne et al. 2017; 

McCardle et al. 2020). These assays may need to be developed or may already be available. 

For example, if HTP-derived data/models suggest that a chemical is an AR agonist or a 

CYP19 inhibitor, the AOPs described herein would indicate the desirability for higher tier 

testing employing an early-life stage assay with fish that could capture the potential for 

male-biased populations. In fact, such an assay is available; OECD (2018) describes a 42-d 

fish sexual development test focused on gonad differentiation in multiple small fish species 

that would be suitable for testing chemicals flagged as AR agonists or CYP19 inhibitors.

There also are applications for the two AOPs in diagnostic (sometimes termed retrospective) 

assessments of potential effects of complex mixtures of chemicals in the environment. For 

example, there are in vitro assay systems (some in an HTP format) that measure endocrine-

associated bioactivities in environmental samples such as surface water (e.g., Escher et 

al. 2013; Blackwell et al. 2019). Alternatively, it is possible to crosswalk analytical data 

from complex environmental samples with in vitro (e.g., HTP) results from single chemical 

studies to determine the presence of compounds in complex mixtures at concentrations 
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possibly sufficient to affect biological pathways of concern, including those related to 

HPG/T function (e.g., Blackwell et al. 2017; Corsi et al. 2019). These direct or indirect 

determinations of bioactivity in many instances can be used as proxies for MIEs, such as 

activation of ERs or ARs, or inhibition of CYPs which, when interpreted in the context 

of relevant AOPs, enables insights into potential effects at higher biological levels of 

organization in exposed organisms (e.g., Blackwell et al. 2019; Corsi et al. 2019). This, 

in turn, provides the basis for species and endpoint selection for additional testing and 

monitoring. In the context of the AOPs described herein, if elevated AR activation or CYP19 

inhibition is measured or inferred at a given field site(s), subsequent monitoring could be 

focused on the occurrence of male-biased fish populations.

In conclusion, assessment of potential ecological hazards of EDCs represents a deviation 

from approaches typically used in the past for environmental contaminants in that often 

it is necessary not only to establish the potential for adverse effects on survival, growth, 

or reproduction, but demonstrate that effects occur via perturbation of the HPG/T axes 

(Matthiessen et al. 2017). The AOP framework is ideal for meeting this challenge because 

causal linkages can be established between the types of molecular, biochemical, and 

histological endpoints associated with disruption of specific endocrine pathways and apical 

responses in individuals that can be translated into population-level impacts (Coady et al. 

2017; Knapen et al. 2020; McCardle et al. 2020). However, for the framework to play a 

prominent role in assessing risks and regulating EDCs there is a pressing need for a “library” 

of AOPs that capture relevant MIEs and adverse outcomes. The two AOPs described herein 

contribute to populating this type of knowledgebase.
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BOX 1:

AOP ID Box

Formal AOP Titles Aromatase inhibition leads to male-biased sex ratio via impacts on gonad 
differentiation

Androgen receptor agonism leading to male-biased sex ratio

AOP Authors Kelvin J. Santana Rodriguez, Gerald T. Ankley, Kathleen M. Jensen, David 
H. Miller, Daniel L. Villeneuve

AOP Numbers 346, 376

OECD Work Plan 
Project

N/A

List of Key Events (KEs):
Event ID KE Title AOP 346 AOP 376

36 Inhibition, aromatase1 MIE ---

25 Agonism, androgen receptor1 --- MIE

1789 Reduction, 17β-estradiol synthesis by the undifferentiated 
gonad2

KE1 ---

1790 Increased, differentiation to testis2 KE2 KE1

1791 Increased, male biased sex ratio2 KE3 KE2

360 Decrease, population growth rate3 KE4 KE3

1
Previously reviewed and endorsed, minor updates

2
New KE

3
Previously reviewed and endorsed, major updates
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Figure 1. 
Graphical representation of adverse outcome pathways (AOPs) 346 and 376 (SAAOP 2022).
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