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Abstract

This adverse outcome pathway details the linkage from peroxisome proliferator-activated receptor alpha (PPARa) activation to the
adverse effects of decreased viable offspring and decrease in population growth rate in fish. PPARa is a ligand-activated nuclear
receptor that, after forming a heterodimer with retinoid X receptor (RXR), promotes transcription of many genes including those
involved in fatty acid B-oxidation and cholesterol metabolism. Synthetic ligands have been designed as pharmaceuticals to target
PPARa for treatment of human metabolic diseases. Exposure to these pharmaceuticals or other contaminants in environment can
disrupt metabolic processes in fish, including the activation of PPARa. In fish, this can lead to decreased cholesterol which in turn
causes a decrease in reproductive hormones, notably 11-ketotestosterone (11-KT). A decrease in reproductive hormones impairs
the fish’s ability to reproduce. Described here is the pathway in which decreased 11-KT impairs inducement of spermatogenesis
and sperm production which results in a reduced number of viable offspring. This can lead to impacts on population growth rate due
to the decreased number of viable offspring resulting in a decline in recruitment and contribution of offspring to the next generation.

Background

This AOP was developed to address one potential effect of per- and polyfluoroalkyl substances (PFAS) on fish. Through review of
the human health and in vitro toxicity data on conserved pathways and molecular targets for PFAS disruption, activation of PPARa
was identified as a potential target of several PFAS which could result in altered lipid metabolism. This AOP focused primarily on
teleost fish using experimental data from prototypical stressors, along with knock-out and genetic mutation experiments, for
evidence of causality and essentiality for existing and newly developed KEs and KERs.

Summary of the AOP
Events
Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type EventID Title Short name
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Sequence Ype B¢éntID Activation. PPARA yiye Activation, EF4E%ame
KE 807 Decreased, cholesterol Decreased, cholesterol
KE 1756 Decreased. plasma 11-ketotestosterone level Decreased, 11KT
KE 1758 Impaired, Spermatogenesis Impaired, Spermatogenesis
AO 2147 Decreased, Viable Offspring Decreased, Viable Offspring
AO 360 Decrease. Population growth rate Decrease, Population growth rate

Key Event Relationships

Relationship Quantitative

Upstream Event Downstream Event Evidence .
P Type Understanding
Activation, PPARa adjacent Decreased, cholesterol High Low
Decreased, cholesterol adjacent DEEEEEERh PEEE) il High Low
ketotestosterone level

Decreased. plasma 11- . . . .

ketotestosterone level adjacent Impaired, Spermatogenesis High Low
Impaired. Spermatogenesis adjacent Decreased, Viable Offspring Moderate Low
Decreased, Viable Offspring adjacent Decrease, Population growth rate Moderate Low

Stressors

Name Evidence
Clofibrate
Gemfibrozil

Fenofibrate

Overall Assessment of the AOP

Domain of Applicability
Life Stage Applicability
Life Stage Evidence

Adult High
Taxonomic Applicability

Term Scientific Term Evidence Links

teleost fish teleost fish High NCBI
Sex Applicability

Sex Evidence

Male High
The empirical evidence suggests that this AOP is applicable to adult, reproductively mature, male teleost fish.
Life Stage

The life stage applicable to this AOP is adult, reproductively mature organisms.

Sex

The process of spermatogenesis occurs in reproductively mature males. Therefore, this AOP is only applicable to males.

Taxonomic
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This AOP is considered most relevant for teleost fish. Most of the experimental evidence compiled for this AOP is from teleost fish,
for which 11-KT is the dominant androgen. However, PPARs including PPARa are highly conserved across humans, rodents, and
fish. An evaluation of protein sequence conservation via SeqAPASS (https://seqapass.epa.gov/segapass/) predicted similarity in
cross-species susceptibility to PPARa agonists among humans, zebrafish, medaka, and other fish species. Thus, PPARa agonism
and downstream effects on cholesterol, hormone production (not limited to 11-KT), spermatogenesis (a highly conserved biological
process), and production of offspring could have more broad taxonomic relevance.

Essentiality of the Key Events

Essentiality of most of key events in this AOP is supported with experimental exposures with prototypical stressors that demonstrate
modification of a more upstream KE associated with a corresponding change in downstream KE(s). Several of the key events have
further support for essentiality with knock-out and genetic mutations experiments as well as rescue studies. Key studies are listed
below.

Although it is challenging to directly measure PPARa activation in fish in vivo studies, there are multiple studies that have shown
that fish exposed to fibrates (and thus assumed activation of PPARa) have decreased cholesterol. This relationship has been
demonstrated in a variety of fish species [fathead minnow (Runnalls et al., 2007), grass carp (Du et al., 2008; Guo et al., 2015), Nile
tilapia (Ning et al., 2017), rainbow trout (Prindiville et al., 2011), medaka (Lee et al., 2019), zebrafish (AL-Habsi et al., 2016;
Velasco-Santamaria et al., 2011; Fraz et al., 2018), turbot (Urbatzka et al., 2015)], with temporal and dose concordance in one
study (Velasco-Santamaria et al., 2011).

The process of steroid hormone biosynthesis is well understood, and cholesterol is the precursor for all steroid hormones, including
11-KT. The relationship between decreased cholesterol and decreased 11-KT is well-established. There are several experimental
exposure studies that showed decreased 11-KT associated with decreased cholesterol with dose and temporal concordance (Lee
et al,, 2019; Velasco-Santamaria et al., 2011). The essentiality of cholesterol for production of 11-KT is further supported by an ex
vivo study which showed that exposure to gemfibrozil (a known PPARa agonist) resulted in decreased 11-KT production unless
supplemented with 250H-cholesterol (Fraz et al., 2018), demonstrating that decreased cholesterol availability was the cause of the
decreased steroid synthesis.

11-KT is well documented as a critical androgen for proper male reproduction in teleost fish and has well-documented involvement
in spermatogenesis and spermiation. The essentiality of 11-KT for spermatogenesis has been documented in zebrafish knock-out
studies with rescue (Zhang et al., 2020) which showed that zebrafish with cyp17c1 knockout have reduced 11-KT levels, smaller
genitalia, inability naturally mate, defective Leydig and Sertoli cells, and insufficient spermatogenesis. The treatment of100 nM 11-
KA (which is converted to 11-KT in vivo) for 4 hours per day for 10 days corrected these effects, demonstrating that insufficient 11-
KT levels was the cause of arrested spermatogenesis.

Successful oocyte fertilization and production of viable offspring is dependent on spermatogenesis and the production of sufficient
quality and quantity of sperm. Essentiality is strongly supported by gene modification studies, such knock-out studies targeting
genes associated with spermatogenesis and meiotic division as well as exposure studies with known endocrine disruptors (e.g.,
DEHP, EE2). Multiple studies with zebrafish have shown that knockouts targeting genes associated with spermatogenesis (e.g.,
Tdrd12, AR) and meiotic division (e.g., E2f5, Mettl3, mlh1) resulted in interference with spermatogenesis (i.e., delayed or arrested
progression, apoptosis, and decrease in sperm density, quality and/or motility) and male zebrafish that were either infertile or
exhibited decreased fertilization rates when mated with WT females (Dai et al., 2017; Leal et al, 2008; Tang et al., 2018; Xia et al.,
2018; Xie et al., 2020).

By definition, there must be viable offspring to maintain a population. However, there are other vital rates that are essential here as
well, such as survival to reproductive age.

Weight of Evidence Summary

The weight of evidence for each of the KERs within this AOP are ranked moderate to high. Each of the KERs is biologically
plausible, with the highest ratings for the intermediate KERs (Decreased, cholesterol leading to Decreased, 11-KT and Decreased,
11-KT leading to Impaired, Spermatogenesis). The relationship between the MIE and the first key event is considered moderate for
biological plausibility due to challenges in directly measuring the PPARa activation in in vivo studies. Whereas the links to the
individual adverse outcome (Decreased, viable offspring) and the population level adverse outcome are considered moderate for
biological plausibility due to the other factors that can influence each of these outcomes. There is substantial experimental evidence
in fish to support this AOP, however, few studies measured multiple sequential key events and the final link to decreased population
growth rate is based on biological plausibility and population modeling. Overall weight of evidence is moderate.

Biological Plausibility

This AOP is considered highly plausible, based on the evaluation of available evidence for the mechanistic (structural or functional)
relationships between upstream and downstream KEs that are consistent with established biological knowledge. There is a broad
understanding of lipid metabolism pathways and supporting in vivo and in vitro experimental data on the role of PPARa in lipid
metabolism. PPARa is conserved across vertebrates and has been documented in multiple fish species, therefore biological
plausibility is considered moderate for activation of PPARa leading to decreased cholesterol. The next two KERs are considered
highly plausible. The process of steroid hormone biosynthesis is well understood, and cholesterol is the precursor for all steroid
hormones including testosterone and 11-ketotestosterone (Norris and Carr, 2020). Similarly, the 11-ketotestosterone is well
documented as necessary for spermatogenesis and sperm production (Amer et al., 2001; Borg, 1994; Geraudie et al., 2010).
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Because there are multiple factors required to produce viable offspring, biological plausibility is considered moderate for the
process of impaired spermatogenesis leading to decreased viable offspring. The link from the individual level adverse outcome
(decreased viable offspring) to the population level adverse outcome (decrease in population growth rate) is also influenced by
multiple factors.

Empirical Support

There is substantial experimental evidence to support this AOP. Experimental results from a variety of fish studies with prototypical
stressors demonstrate concordance and consistency throughout the AOP. However, there were few studies that measured multiple
sequential KEs and limited concentration or dose-response data and temporal measurements across diversity of taxa. Due to these
limitations, response-response relationships for a quantitative understanding of this AOP could not be evaluated. Concordance of
empirical support across the AOP is summarized in Attachment A.

There are multiple studies in fish that demonstrate exposure to known PPARa agonists (considered prototypical stressors or model
chemicals) resulted in decreased total cholesterol. These studies include experimental exposure of seven different fish species
[fathead minnow (Runnalls et al., 2007), grass carp (Du et al., 2008; Guo et al., 2015), Nile tilapia (Ning et al., 2017), rainbow trout
(Prindiville et al., 2011), medaka (Lee et al., 2019), zebrafish (AL-Habsi et al., 2016; Velasco-Santamaria et al., 2011; Fraz et al.,
2018), turbot (Urbatzka et al., 2015)] to several different fibrates (clofibrate, clofibric acid, gemfibrozil, fenofibrate, WY-14643).
Temporal and dose concordance was demonstrated in one study ( Velasco-Santamaria et al., 2011); however, there is insufficient
empirical evidence for development of a quantitative relationship between the KEs.

While the following KER (decreased cholesterol leading to decreased 11-KT) has strong biological plausibility, there are relatively
few fish experimental exposure studies that measured both cholesterol and 11-KT. Two exposure studies that measured both KEs
showed dose and temporal concordance (Lee et al., 2019; Velasco-Santamaria et al., 2011), and the third study provided strong
evidence essentiality of cholesterol for the production of 11-KT (Fraz et al., 2018).

There is substantial empirical evidence showing spermatogenesis in numerous fish species is dependent on 11-KT, with several
studies demonstrating temporal and dose concordance for this relationship. These studies include testing of both higher 11-KT
(treatments with 11-KT or increased production) and decreased 11-KT. For example, increased 11-KT has been related to
measures of successful spermatogenesis such as greater number of spermatids (Agulleiro et al., 2007; Selvaraj et al., 2013), more
advanced testicular stages (Cavaco et al., 1998, 2001), and more differentiated and later type spermatogonia (Melo et al., 2015;
Miura et al., 1991). Whereas, decreased 11-KT in fish has been associated with negative impacts or delays in spermatogenesis
including decreased number of spermatocytes, spermatids, and/or spermatozoa (Agbohessi et al., 2015; Chen et al., 2017; de
Waal et al., 2009; Liu et al., 2018; Pereira et al., 2015; Sales et al., 2020; Xia et al,. 2018). Melo et al. (2015) is one example of
studies that demonstrated temporal concordance; in this study exposure to adrenosterone (ketoandrostenedione; which is
converted to 11-KT in vivo) caused an increase in 11-KT levels at 7 and 14 d, with Type A differentiated spermatogonial numbers
also increased 14 d after treatment.

There is substantial empirical evidence demonstrating that impaired spermatogenesis results in decreased oocyte fertilization and a
reduction in viable offspring. Much of the cited literature is from fish exposed to prototypical stressors (endocrine disruptors), with
several studies demonstrating dose and temporal concordance. In addition to the gene modification studies previously described
for essentiality, exposure studies with endocrine disruptors [e.g., di(2-ethylhexyl) phthalate (DEHP), 17a-ethinylestradiol (EE2),
nonylphenol] provide evidence of concordance and consistency of this KER. These include studies with zebrafish, Nile tilapia,
Japanese medaka, and marine medaka (Corradetti et al., 2013; Hill & Janz, 2003; Kang et al., 2002, Nash et al., 2004; Seki et al.,
2002). Several studies provide evidence of dose-response concordance such as a concentration dependent effect on both
spermatogenesis and fertilization rate of when male fish exposed to DEHP are mated with wild-type females (Ma et al., 2018; Uren-
Webster et al., 2010; Ye et al., 2014).

Direct empirical evidence on population size decreases associated with decreased viable offspring is very limited. There are no
empirical data suitable for evaluating the dose-response, temporal, or incidence concordance between these two adverse
outcomes. This relationship is based on biological plausibility and population modeling (e.g., Miller & Ankley, 2004; Miller et al.,
2020).

Uncertainties, inconsistencies, and data gaps

e There were no notable inconsistencies in the literature that was reviewed for development of this AOP. However, there are
several areas of uncertainty. These include:

e |t is challenging to directly measure PPARa agonism in fish in vivo studies. Therefore, we relied on fish exposure studies with
pharmaceuticals designed to activate PPARa in humans. However, there is uncertainty of whether all fibrates shown effective
in humans are PPARa agonists in fish. This AOP was developed on the assumption that these pharmaceutical also activate
PPARu in fish, which is supported by a cross-species comparison in vitro and susceptibility evaluation based on gene
sequences support similarity in responses across vertebrates.

e 11-KT levels can be highly variable between fish species and have seasonal fluctuations within a species (with highest levels
at spawning).

e For the relationship between 11-KT and spermatogenesis, a few studies documented a significant change in one without a
significant change in the other, highlighting the complexity of this relationship.

e Both of the adverse outcomes (Decreased, viable offspring and Decrease, population growth rate) are influenced by multiple
factors. The key events in this AOP are just one potential path to these outcomes. In addition, PPARa agonism could result in
other toxicity pathways, such as decreased juvenile growth, which were not included in the development of this AOP.

e Finally, few studies measured multiple sequential key events; thus evidence had to be compiled KER by KER to support this
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AOP.

Quantitative Consideration

At this time available data are insufficient to develop a quantitative AOP linking PPARa agonism with decreased viable offspring or
decreased population growth rate.

Considerations for Potential Applications of the AOP (optional)

e The present AOP can inform a tiered testing approach for PPARa agonists (including some PFAS) based on in vitro screening
results (e.g., Houck et al., 2021) and targeted in vivo testing (illustrated by Villeneuve et al., 2023).

e The present AOP can inform the development of microphysiological or computational systems models to evaluated probable
effects on reproduction.

e The present AOP can aid in prediction of potential effects when PPAR agonists are measured in environmental samples and
interpretation (along with selection of additional endpoints to measure) when PPAR activity is detected with effects-based
environmental monitoring (e.g., Blackwell et al., 2019).
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Appendix 1
List of MIEs in this AOP

Event: 227: Activation, PPARa

Short Name: Activation, PPARa

Key Event Component

Process Object Action

peroxisome proliferator activated receptor signaling pathway peroxisome proliferator-activated receptor alpha increased

AOPs Including This Key Event

AOP ID and Name Event Type
Aop:18 - PPARa activation in utero leading to impaired fertility in males MolecularinitiatingEvent
Aop:51 - PPARa activation leading to impaired fertility in adult male rodents MolecularinitiatingEvent
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https://doi.org/10.1016/j.aquatox.2011.05.018
https://doi.org/10.1021/acs.est.2c09315
https://doi.org/10.1210/endocr/bqaa048
https://www.aopwiki.org/events/227
https://www.aopwiki.org/aops/18
https://www.aopwiki.org/aops/51

Aop:61 - NFE2L2/FXR activation leading to/A@BAR-and.Name

Aop:37 - PPARa activation leading to hepatocellular adenomas and carcinomas in rodents

Aop:323 - PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased 11-

Ketotestosterone

Aop:401 - G protein-coupled estrogen receptor 1 (GPER) signal pathway in the lipid metabolism

disrupting effects
Stressors

Name
Di(2-ethylhexyl) phthalate
Mono(2-ethylhexyl) phthalate
Stressor:205 pirinixic acid (WY-14,643)
Clofibrate
Nafenopin
ciprofibrate
Gemfibrozil
PERFLUOROOCTANOIC ACID
Bezafibrate
Fenofibrate

Simvastatin

Biological Context

Level of Biological Organization

Molecular

Cell term

Cell term

eukaryotic cell

Organ term

Organ term

liver

Evidence for Perturbation by Stressor

Overview for Molecular Initiating Event

Fibrates are ligands of PPARa (Staels et al. 1998).

Phthalates

KeyEVE¥gNt Type

MolecularinitiatingEvent

MolecularinitiatingEvent

KeyEvent

MHEP (CAS 4376-20-9) directly binds in vitro to PPARa (Lapinskas et al. 2005) and activates this receptor in transactivation assays
PPARa (Lapinskas et al. 2005), (Maloney and Waxman 1999), (Hurst and Waxman 2003), (Bility et al. 2004), (Lampen, Zimnik, and
Nau 2003), (Venkata et al. 2006) ]. DEHP (CAS 117-81-7) has not been found to bind and activate PPARa (Lapinskas et al. 2005),

(Maloney and Waxman 1999). However, the recent studies shown activation of PPARa (ToxCastTM Data).

Notably, PPARa are responsive to DEHP in vitro as they are translocated to the nucleus (in primary Sertoli cells) (Dufour et al.
2003), (Bhattacharya et al. 2005). Expression of PPARa [MRNA and protein] has been reported to be also modulated by
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phthtalates: (to be up-regulated in vivo upon DEHP treatment (Xu et al. 2010) and down-regulated by Diisobutyl phthalate (DiBP)
(Boberg et al. 2008)).

Perfluorooctanoic Acid (PFOA) is known to activate PPARa (Vanden Heuvel et al. 2006).
Organotin

Tributyltin (TBT) activates all three heterodimers of PPAR with RXR, primarily through its interaction with RXR (le Maire et al. 2009)
Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

rat Rattus norvegicus High NCBI
mouse Mus musculus High NCBI
human Homo sapiens High NCBI

PPARa has been identified in frog (Xenopus laevis), mouse, human, rat, fish, hamster and chicken (reviewed in (Wahli and
Desvergne 1999)).

Key Event Description

Gene expression occurs in a coordinated fashion (Judson et al., 2012). The many observations of altered gene expression
following binding of ligand to PPARa led to systematic investigations of the genomic signature that corresponds to PPARa activation
(Tamura et al., 2006; Kupershmidt et al., 2010; Rosen et al., 2017; Rooney et al., 2018; Corton et al., 2020; Hill et al., 2020; Lewis
et al., 2020). Specific gene with increased expression following PPARa activation include Cyp4atl, Cpt1B, and Lpl. More generally,
the pathways activated include:

Genes involved in Metabolism of lipids and lipoproteins

Fatty acid metabolism

Genes involved in Fatty acid, triacylglycerol, and ketone body metabolism
PPAR signaling pathway

Peroxisome

Genes involved in Cell Cycle

Biological state

The Peroxisome Proliferator Activated receptor a (PPARa) belongs to the Peroxisome Proliferator Activated receptors (PPARs:
NR1C) steroid/thyroid/retinoid receptor superfamily of transcription factors.

Biological compartments

PPARa is expressed in high levels in tissues that perform significant catabolism of fatty acids (FAs), such as brown adipose tissue,
liver, heart, kidney, and intestine (Michalik et al. 2006). The receptor is present also in skeletal muscle, intestine, pancreas, lung,
placenta and testes (Mukherjee et al. 1997), (Schultz et al. 1999).

General role in biology

PPARs are activated by fatty acids and their derivatives; they are sensors of dietary lipids and are involved in lipid and carbohydrate
metabolism, immune response and peroxisome proliferation (Wahli and Desvergne 1999), (Evans, Barish, & Wang, 2004). PAPRa
is a also a target of hypothalamic hormone signalling and was found to play a role in embryonic development (Yessoufou and Wahli
2010).

Fibrates, activators of PPARa, are commonly used to treat hypertriglyceridemia and other dyslipidemic states as they have been
shown to decrease circulating lipid levels (Lefebvre et al. 2006).

How it is Measured or Detected

Binding of ligands to PPARa is measured using binding assays in vitro and in silico, whereas the information about functional
activation is derived from transactivation assays (e.g. transactivation assay with reporter gene) that demonstrate functional
activation of a nuclear receptor by a specific compound. Binding of agonists within the ligand-binding site of PPARs causes a
conformational change of nuclear receptor that promotes binding to transcriptional co-activators. Conversely, binding of antagonists
results in a conformation that favours the binding of co-repressors (Yu and Reddy 2007), (Viswakarma et al. 2010). Transactivation
assays are performed using transient or stably transfected cells with the PPARa expression plasmid and a reporter plasmid,
respectively. There are also other methods that have been used to measure PPARa activity, such as the Electrophoretic Mobility
Shift Assay (EMSA) or commercially available PPARa transcription factor assay kits, see Table 1. The transactivation (stable
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transfection) assay provides the most applicable OECD Level 2 assay (i.e. In vitro assays providing mechanistic data) aimed at
identifying the initiating event leading to an adverse outcome (LeBlanc, Norris, and Kloas 2011). A recent study characterized the
PPARa ligand binding domain for the purpose of next-generation metabolic disease drugs (Kamata et al. 2020).

The most direct measure of this MIE is microarray profiling from large gene expression databases TG-GATEs and DrugMatrix
coupled with t statistical analysis of whole genome expression profiles (Svoboda et al., 2019; Igarashi et al., 2015) From these data,
A gene expression signature of 131 PPARa-dependent genes was built using microarray profiles from the livers of wild-type and
PPARa-null mice. A quantitative measure of this expression signature is a measure of similarity/correlation between the PPARa
signature and positive and negative test sets is provided by the Running Fisher test (Corton et al., 2020; Hill et al.,

2020; Kupershmidt et al., 2010; Lewis et al., 2020; Rooney et al., 2018).

A gene expression signature of 131 PPARa-dependent genes was built using microarray profiles from the livers of wild-type and
PPARa-null mice. A quantitative measure of this expression signature would be a measure of similarity/correlation between the
PPARa signature and positive and negative test sets is provided by the Running Fisher test (Kupershmidt et al., 2010; Rooney et
al., 2018; Corton et al., 2020).

For all substances, MIE activation does not rise monotonically over dose or time. These fluctuations are likely due to variations in
cofactor availability or access to the site of transcription (Gaillard et al., 2006; Koppen et al., 2009; Kupershmidt et al., 2010; Ong et
al., 2010; Chow et al., 2011; De Vos et al., 2011; Simon et al., 2015).

Measurements of PPARa Activation
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List of Key Events in the AOP

Event: 807: Decreased, cholesterol

Short Name: Decreased, cholesterol

Key Event Component

Process Object Action
cholesterol biosynthetic process cholesterol decreased
cholesterol transport cholesterol decreased
cholesterol transport cholesteryl ester decreased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:124 - HMG-CoA reductase inhibition leading to decreased fertility KeyEvent

Aop:323 - PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased 11-Ketotestosterone KeyEvent

Stressors

Name
Gemfibrozil
Bezafibrate
Clofibrate
Fenofibrate
Atorvastatin

Simvastatin
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Biological Context

Level of Biological Organization

Tissue
Organ term

Organ term

blood plasma
Evidence for Perturbation by Stressor

Gemfibrozil

Juvenile female rainbow trout have decreased cholesterol (including total, HDL, LDL, & VLDL) after exposure to gemfibrozil
(Prindiville et al. 2011)

Male and female zebrafish fed gemfibrozil alone or in combination with atorvastatin have decreased cholesterol (Al-Habsi et al.
2016)

Bezafibrate
Adult male zebrafish fed bezafibrate have decreased cholesterol (Velasco-Santamaria et al. 2011)
Clofibrate

Feeding grass carp either a high-fat or high-carbohydrate diet causes increases in total cholesterol, HDL, and LDL. Clofibrate
reduces the high cholesterol levels caused by these diets to levels similar to controls (Guo et al. 2015)

Fenofibrate

Feeding fenofibrate to grass carp on a high fat diet causes a decrease in cholesterol, LDL, body weight, and whole-body lipid
content (Du et al. 2008)

Atorvastatin

Male and female zebrafish fed atorvastatin alone or in combination with gemfibrozil have decreased whole-body cholesterol (Al-
Habsi et al., 2016)

Atorvastatin is a statin drug that lowers cholesterol by inhibiting HMG-CoA reductase. Other chemical that work by the same
mechanism can be found at: https://comptox.epa.gov/dashboard/chemical_lists/STATINS

Simvastatin
Larval Zebrafish fed a high fat and high cholesterol diet show reduced liver cholesterol when given simvastatin (Dai et al., 2015)
Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

Vertebrates Vertebrates High NCBI
Life Stage Applicability
Life Stage Evidence
Adult High
All life stages Moderate
Sex Applicability
Sex Evidence
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Malgx  Bldfence
Female High

Taxonomic Applicability: Cholesterol is synthesized in plants but acts as a precursor for different products than in animals
(Sonawane et al. 2016). Within the animal kingdom most deuterostomes (including vertebrata, cyclostomata, cephalochordate, and
echinodermata, but not chordata) possess the genes necessary for cholesterol biosynthesis. However, most protostomes (including
arthropoda and nematomorpha) have lost these genes (Zhang et al., 2019). Thus far vertebrates are the primary consideration for
this KE.

Lifestage Applicability: Cholesterol can be measured in organisms at all life stages. However, the size of young organisms may limit
the ability to collect plasma for cholesterol analysis. Whole-body measurements or pooled samples may be more feasible.

Sex Applicability: Cholesterol measurements are applicable for all sexes
Key Event Description

Most cholesterol synthesis in vertebrates occurs within the endoplasmic reticulum of hepatic cells. First, acetyl-CoA is converted to
HMG-CoA via HMG-CoA synthase. Next, HMG-CoA is converted to mevalonate via HMG-CoA reductase. Several other steps
follow, but conversion of HMG-CoA to mevalonate is the rate-limiting step of cholesterol synthesis (Cerqueira et al. 2016; Risley
2002). Consequently, Statin drugs inhibit HMG-CoA reductase to reduce cholesterol (Pahan 2006).

Cholesterol synthesis may also occur to a limited extent in steroidogenic cells where it's used to produce steroid hormones (Azhar
et al., 2007)

Once cholesterol is produced in the liver, it's transported in the plasma. Hydrophobic lipids like cholesterol, cholesteryl ester (a
cholesterol molecule bound to a fatty acid), and triglycerides are transported via lipoprotein complexes. There are different groups
of lipoproteins which use different proteins and ratios of lipids including high-density lipoprotein (HDL), low-density (LDL), and very
low-density (VLDL).

Cholesterol metabolism KEGG Pathway ko04979

How it is Measured or Detected

Commerical assay kits are available for measuring cholesterol using either colorimetric or fluorometric detection. Total cholesterol
assay kits often include cholesteryl esters in the measurement (Cell Bio Labs, ThermoFisher). Additional kits are availalbe for
measuring the cholesterol in the different lipoprotein complexes (Cell Bio Labs).

Oil Red O staining can be used for organisms such as zebrafish larvae that are clear, however it stains triglycerides and lipids not
just cholesterol (Zhou et al., 2015).

Plasma cholesterol is a common clinical measurement in humans and the Abell-Kendall technique is the standard chemical
determination method (Cox et al. 1990), although there are a wide variety of viable methods.
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Event: 1756: Decreased, plasma 11-ketotestosterone level

Short Name: Decreased, 11KT

Key Event Component

Process Object Action

androgen biosynthetic process 11-Keto-testosterone decreased

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:323 - PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased 11-Ketotestosterone KeyEvent

Aop:349 - Inhibition of 11B-hydroxylase leading to decresed population trajector KeyEvent
Aop:348 - Inhibition of 11B-Hydroxysteroid Dehydrogenase leading to decreased population trajectory KeyEvent
Stressors

Name

beta-Sitosterol

Bezafibrate

Gemfibrozil
Bis(2-ethylhexyl) phthalate
Cypermethrin

Carbamazepine

Biological Context

Level of Biological Organization

Tissue

Organ term

Organ term
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QAR SRR
Evidence for Perturbation by Stressor

beta-Sitosterol

Beta-sitosterol causes a dose-depended reduction in 11KT in male goldfish (MacLatchy & Van Der Kraak 1995)
Bezafibrate

Bezafibrate reduces 11-KT in the plasma of adult male zebrafish (Velasco-Santamaria et al. 2011)
Gemfibrozil

Gemfibrozil reduced 11KT in the plasma of adult male medaka (Lee et al. 2019)

Gemfibrozil expsoure caused reduced 11KT in the testes, plasma, and whole-body samples of adult male zebrafish (Fraz et al.,
2018)

Bis(2-ethylhexyl) phthalate

A review of androgen signaling in fish cites several studies showing DEHP decreased 11KT (Golshan et al., 2019)
Cypermethrin

Cypermethrin causes decreased 11KT in catfish (Singh & Singh, 2008)

Carbamazepine

Carbamazepine decreased 11KT in the testes, plasma, and whole-body samples of adult male zebrafish (Fraz et al., 2018)
Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
teleost fish teleost fish High NCBI
Order carcharhiniformes carcharhiniformes Moderate NCBI

mammals mammals Low NCBI
Life Stage Applicability

Life Stage Evidence
Juvenile Moderate
Adult, reproductively mature High

Larvae Moderate
Sex Applicability

Sex Evidence
Male High

Female High

Taxanomic Applicability: Most understand of 11KT comes from studies involving teleost fish as it is their dominant androgen. Some
studies have measured 11KT in sharks of the order carcharhiniformes, but there is less research in this area (Manire et al., 1999;
Garnier et al. 1999; Mills et al. 2010). Many mammals possess the genes necessary to produce 11KT (NCBI), but 11KT may not be
as relevant when it's not the dominant androgen.

Sex Applicability: Males and females use the same biological processes to produce steroids. However, sexual dimorphism in 11KT
production varies between species. In humans, plasma levels of 11KT do not differ between sexes (Imamichi et al., 2016). In

Zebrafish, gonad levels of 11KT are approximately two magnitudes higher in males than females (Wang & Orban, 2007). Of the 30
other fish species sampled by Lokman et al. (2002), 11KT levels are typically dramatically lower in females than in males, but a few
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species of the order Perciformes show no sexual dimorphism.

Life Stage Applicability: 11KT can be measured in fish larvae however individuals must be pooled for sufficient sample size (Hattori
et al., 2009). Lokman et al. (2002) measured plasma levels of 11-KT in several species of juvenile and adult fish. 11KT levels tend
to be higher in males although some fish species don’t show sexual dimorphism. Levels of 11KT in juveniles are similar to levels in
females regardless of if the species shows sexual dimorphism in 11KT levels. In males, 11KT increases for spawning and
decreases afterwards (Kindler et al., 1989; Pall et al., 2002). Because of it's involvement in reproduction, 11KT levels may not be
meaningful in juveniles.

Key Event Description

11-ketotestosterone (11KT; CAS 564-35-2 | DTXSID8036499) is an oxygenated steroidal androgen with a keto group at the C11
position (Pretorius et al. 2017).

11-ketotestosterone is a dominant androgen in teleost fish (Borg 1994). It is synthesized from testosterone using the enzymes
CYP11b1 and HSD11b (Yazawa et al., 2008; Swart et al., 2013). Zebrafish studies also show that cyp17ai1 and cyp11c1 knockouts
have dramatically reduced levels of 11KT (Shu et al., 2020; Zhang et al., 2020)

11KT is also produced by other vertebrates, although the site of its biosynthesis and physiological signficance in different taxa can
vary widely. In humans, 11KT is primarily synthesized in the adrenal glands (Pretorius et al. 2017; Turcu et al. 2018).

Although mutations in the mett/i3 gene usually cause embryonic lethality, one particular mutation in non-lethal and causes
significantly reduced 11KT levels in zebrafish (Xia et al., 2018)

How it is Measured or Detected

11KT production can be measured in an ex vivo steroidogenesis assay using the organism's gonad after it has been exposed to a
compound.

The concentration of 11KT can be measured in a radioimmunoassay or enzyme-linked immunosorbent assay (ELISA).

Several papers show that in fish, 11KT is correlated with testosterone levels (Spand et al., 2004; Maclatchy & Vanderkraak,
1995; Lorenzi et al., 2008).
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Event: 1758: Impaired, Spermatogenesis

Short Name: Impaired, Spermatogenesis

Key Event Component

Process Object Action

Abnormal spermatogenesis Mature sperm cell abnormal

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:323 - PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased 11-Ketotestosterone KeyEvent

Aop:348 - Inhibition of 11B-Hydroxysteroid Dehydrogenase leading to decreased population trajectory KeyEvent

Stressors
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Name

Flutamide
Vinclozolin

Bis(2-ethylhexyl) phthalate
Biological Context

Level of Biological Organization

Organ
Organ term

Organ term

testis

Evidence for Perturbation by Stressor

Flutamide

Flutamide impairs spermatogenesis in adult male zebrafish (Yin et al., 2017)

Male fathead minnows exposed to flutamide show spermatocyte degredation and necrosis in their testis (Jensen et al., 2004)
Vinclozolin

A review of androgen signaling in male fish cites several studies showing vinclozolin decreases sperm quality (Golshan et al., 2019)
Bis(2-ethylhexyl) phthalate

A review of androgen signaling in male fish cites several studies showing DEHP decreases sperm quality (Golshan et al., 2019)
Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links

Vertebrates Vertebrates High NCBI
Life Stage Applicability
Life Stage Evidence

Adult, reproductively mature High
Sex Applicability

Sex Evidence

Male High

Taxonomic Applicability: The relevance for invertebrates has not been evaluated.
Life Stage Applicability: Only applicable for sexually mature adults

Sex Applicability: Only applicable to males

Key Event Description

Spermatogenesis is a multiphase process of cellular transformation that produces mature male gametes known as sperm
for sexual reproduction (Xu et al., 2015). The process of spermatogenesis can be broken down into 3 phases: the mitotic

proliferation of spermatogonia, meiosis, and post-meiotic differentiation(spermiogenesis) (Boulanger et al., 2015).
Spermatogenesis can be impaired within these phases or due to external factors such as chemical exposures or the
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gonadal tissue environment. For example, zebrafish and fathead minnow exposed to flutamide, an antiandrogen, have
shown signs of impaired spermatogenesis such as spermatocyte degradation(Jensen et al., 2004, Yin et al., 2017).

How it is Measured or Detected

Impairment of spermatogenesis can be measured and detected in a multitude of ways. One example of this is qualitative
histological assessments (Jensen et al., 2004). Through histology, sperm morphology can be examined and quantified
through the number and stage of the sperm. Sperm morphology, overall quantity, and quantity within each stage can be
ways to detect impaired spermatogenesis(Uhrin et al., 2000, Xie et al., 2020). Additionally, sperm quality can also be
another assessment of impaired spermatogenesis such as sperm motility, velocity, ATP content, and lipid
peroxidation(Gage et al., 2004, Xia et al., 2018, Chen et al., 2015). Impaired spermatogenesis can also be seen by
measuring sperm density(Chen et al., 2015).
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List of Adverse Outcomes in this AOP

Event: 2147: Decreased, Viable Offspring

Short Name: Decreased, Viable Offspring

Key Event Component

Process Object Action

sexual reproduction decreased

AOPs Including This Key Event

20/54


https://doi.org/10.1128/MCB.00074-15
https://doi.org/10.1172/JCI10768
https://doi.org/10.1095/biolreprod.114.125609
https://www.aopwiki.org/events/2147

AOP323

AOP ID and Name Event Type

Aop:323 - PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased 11-Ketotestosterone AdverseOutcome
Biological Context

Level of Biological Organization

Individual

Domain of Applicability
Life Stage Applicability
Life Stage Evidence

Adult, reproductively mature High
Sex Applicability
Sex Evidence

Unspecific

Taxonomic applicability: Decrease in viable offspring may have relevance for species with sexual reproduction, including fish,
mammals, amphibians, reptiles, birds, and invertebrates.

Life stage applicability: Decrease in viable offspring is relevant for reproductively mature individuals.

Sex applicability: Decrease in viable offspring can be measured for both males and females.
Key Event Description

The production of viable offspring in sexual reproduction is through fertilization of oocytes that then develop into offspring.
Producing viable offspring is dependent on multiple factors, including but not limited to, oocyte maturation and ovulation,
spermatogenesis and sperm production, successful fertilization of oocytes, development including successful organogenesis, and
adequate nutrition.

How it is Measured or Detected

Effects on the production of viable offspring is measured or detected through the ability (or inability) of reproductively mature organisms to
produce offspring, number of offspring produced (per pair, individual, or population), and/or percent of fertilized, viable embryos.

Event: 360: Decrease, Population growth rate
Short Name: Decrease, Population growth rate
Key Event Component

Process Object Action

population growth rate population of organisms decreased

AOPs Including This Key Event

AOP ID and Name Event Type
Aop:23 - Androgen receptor agonism leading to reproductive dysfunction (in repeat-spawning fish) AdverseOutcome
Aop:25 - Aromatase inhibition leading to reproductive dysfunction AdverseOutcome
Aop:29 - Estrogen receptor agonism leading to reproductive dysfunction AdverseOutcome
Aop:30 - Estrogen receptor antagonism leading to reproductive dysfunction AdverseOutcome

Aop:100 - Cyclooxygenase inhibition leading to reproductive dysfunction via inhibition of female spawning

behavior AdverseOutcome
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Qc;m:;ﬁgn- Prolyl hydroxylase inhibition leadin i function via increased HIF1 heterodimer AdEYERBTYESne
Aop:123 - Unknown MIE leading to reproductive dysfunction via increased HIF-1alpha transcription AdverseOutcome
Aop:155 - Deiodinase 2 inhibition leading to increased mortality via reduced posterior swim bladder inflation AdverseOutcome
Aop:156 - Deiodinase 2 inhibition leading to increased mortality via reduced anterior swim bladder inflation AdverseOutcome
Aop:157 - Deiodinase 1 inhibition leading to increased mortality via reduced posterior swim bladder inflation AdverseOutcome
Aop:158 - Deiodinase 1 inhibition leading to increased mortality via reduced anterior swim bladder inflation AdverseOutcome

Aop:159 - Thyroperoxidase inhibition leading to increased mortality via reduced anterior swim bladder inflation ~AdverseOutcome
Aop:101 - Cyclooxygenase inhibition leading to reproductive dysfunction via inhibition of pheromone release AdverseOutcome

Aop:102 - Cyclooxygenase inhibition leading to reproductive dysfunction via interference with meiotic prophase

| /metaphase | transition el eRi )
Aop:63 - Cyclooxygenase inhibition leading to reproductive dysfunction AdverseOutcome
Aop:103 - Cyclooxygenase inhibition leading to reproductive dysfunction via interference with spindle assembly

checkpoint AdverseOutcome
Aop:292 - Inhibition of tyrosinase leads to decreased population in fish AdverseOutcome
Aop:310 - Embryonic Activation of the AHR leading to Reproductive failure. via epigenetic down-regulation of

GnRHR AdverseOutcome
Aop:16 - Acetylcholinesterase inhibition leading to acute mortality AdverseOutcome
Aop:312 - Acetylcholinesterase Inhibition leading to Acute Mortality via Impaired Coordination & Movement AdverseOutcome
Aop:334 - Glucocorticoid Receptor Agonism Leading to Impaired Fin Regeneration AdverseOutcome
Aop:336 - DNA methyltransferase inhibition leading to population decline (1) AdverseOutcome
Aop:337 - DNA methyltransferase inhibition leading to population decline (2) AdverseOutcome
Aop:338 - DNA methyltransferase inhibition leading to population decline (3) AdverseOutcome
Aop:339 - DNA methyltransferase inhibition leading to population decline (4) AdverseOutcome
Aop:340 - DNA methyltransferase inhibition leading to transgenerational effects (1) AdverseOutcome
Aop:341 - DNA methyltransferase inhibition leading to transgenerational effects (2) AdverseOutcome
Aop:289 - Inhibition of 5a-reductase leading to impaired fecundity in female fish AdverseOutcome
Aop:297 - Inhibition of retinaldehyde dehydrogenase leads to population decline AdverseOutcome
Aop:346 - Aromatase inhibition leads to male-biased sex ratio via impacts on gonad differentiation AdverseOutcome
Aop:326 - Thermal stress leading to population decline (3) AdverseOutcome
Aop:325 - Thermal stress leading to population decline (2) AdverseOutcome
Aop:324 - Thermal stress leading to population decline (1) AdverseOutcome
Aop:363 - Thyroperoxidase inhibition leading to altered visual function via altered retinal layer structure AdverseOutcome
Aop:349 - Inhibition of 11B-hydroxylase leading to decresed population trajector AdverseOutcome
Aop:348 - Inhibition of 11B-Hydroxysteroid Dehydrogenase leading to decreased population trajectory AdverseOutcome
Aop:376 - Androgen receptor agonism leading to male-biased sex ratio AdverseOutcome
Aop:386 - Deposition of ionizing energy leading to population decline via inhibition of photosynthesis AdverseOutcome
Aop:387 - Deposition of ionising energy leading to population decline via mitochondrial dysfunction AdverseOutcome
Aop:388 - Deposition of ionising energy leading to population decline via programmed cell death AdverseOutcome
Aop:389 - Oxygen-evolving complex damage leading to population decline via inhibition of photosynthesis AdverseOutcome
Aop:364 - Thyroperoxidase inhibition leading to altered visual function via decreased eye size AdverseOutcome
Aop:365 - Thyroperoxidase inhibition leading to altered visual function via altered photoreceptor patterning AdverseOutcome
Aop:399 - Inhibition of Fyna leading to increased mortality via decreased eye size (Microphthalmos AdverseOutcome
Aop:410 - GSK3beta inactivation leading to increased mortality via defects in developing inner ear AdverseOutcome
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Aop:216 - Deposition of energy leading to QOQH@Q [;bgéggmm eDNA strand breaks and follicular atresia Adgggﬁpf%&me
Aop:238 - Deposition of energy leading to population decline via DNA strand breaks and oocyte apoptosis AdverseOutcome
Aop:299 - Deposition of energy leading to population decline via DNA oxidation and follicular atresia AdverseOutcome
Aop:311 - Deposition of energy leading to population decline via DNA oxidation and oocyte apoptosis AdverseOutcome
Aop:444 - lonizing radiation leads to reduced reproduction in Eisenia fetida via reduced spermatogenesis and
- AdverseOutcome
cocoon hatchability
Aop:138 - Organic anion transporter (OAT1) inhibition leading to renal failure and mortality AdverseOutcome
Aop:177 - Cyclooxygenase 1 (COX1) inhibition leading to renal failure and mortality AdverseOutcome
AdverseOutcome
Aop:203 - 5-hydroxytryptamine transporter inhibition leading to decreased reproductive success and
- : AdverseOutcome
population decline
Aop:218 - Inhibition of CYP7B activity leads to decreased reproductive success via decreased locomotor
AdverseOutcome

activity
Aop:219 - Inhibition of CYP7B activity leads to decreased reproductive success via decreased sexual behavior AdverseOutcome

Aop:323 - PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased 11-Ketotestosterone AdverseOutcome

Biological Context

Level of Biological Organization

Population

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links
all species all species High NCBI
Life Stage Applicability
Life Stage Evidence
All life stages Not Specified
Sex Applicability
Sex Evidence

Unspecific Not Specified
Consideration of population size and changes in population size over time is potentially relevant to all living organisms.
Key Event Description

A population can be defined as a group of interbreeding organisms, all of the same species, occupying a specific space during a
specific time (Vandermeer and Goldberg 2003, Gotelli 2008). As the population is the biological level of organization that is often
the focus of ecological risk assessments, population growth rate (and hence population size over time) is important to consider
within the context of applied conservation practices.

If N is the size of the population and t is time, then the population growth rate (dN/dt) is proportional to the instantaneous rate of
increase, r, which measures the per capita rate of population increase over a short time interval. Therefore, r, is a difference
between the instantaneous birth rate (number of births per individual per unit of time; b) and the instantaneous death rate (number
of deaths per individual per unit of time; d) [Equation 1]. Because r is an instantaneous rate, its units can be changed via division.
For example, as there are 24 hours in a day, an r of 24 individuals/(individual x day) is equal to an r of 1 individual/(individual/hour)
(Caswell 2001, Vandermeer and Goldberg 2003, Gotelli 2008, Murray and Sandercock 2020).

Equation1: r=b-d
This key event refers to scenarios where r < 0 (instantaneous death rate exceeds instantaneous birth rate).

Examining r in the context of population growth rate:
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@ A population will decrease to extinction when the instantaneous death rate exceeds the instantaneous birth rate (r < 0).
@ The smaller the value of r below 1, the faster the population will decrease to zero.

@ A population will increase when resources are available and the instantaneous birth rate exceeds the instantaneous death
rate (r > 0)

@ The larger the value that r exceeds 1, the faster the population can increase over time

@ A population will neither increase or decrease when the population growth rate equals 0 (either due to N = 0, or if the per
capita birth and death rates are exactly balanced). For example, the per capita birth and death rates could become exactly
balanced due to density dependence and/or to the effect of a stressor that reduces survival and/or reproduction (Caswell
2001, Vandermeer and Goldberg 2003, Gotelli 2008, Murray and Sandercock 2020).

Effects incurred on a population from a chemical or non-chemical stressor could have an impact directly upon birth rate
(reproduction) and/or death rate (survival), thereby causing a decline in population growth rate.

@ Example of direct effect on r: Exposure to 17b-trenbolone reduced reproduction (i.e., reduced b) in the fathead minnow
over 21 days at water concentrations ranging from 0.0015 to about 41 mg/L (Ankley et al. 2001; Miller and Ankley 2004).

Alternatively, a stressor could indirectly impact survival and/or reproduction.

@ Example of indirect effect on r: Exposure of non-sexually differentiated early life stage fathead minnow to the fungicide
prochloraz has been shown to produce male-biased sex ratios based on gonad differentiation, and resulted in projected
change in population growth rate (decrease in reproduction due to a decrease in females and thus recruitment) using a
population model. (Holbech et al., 2012; Miller et al. 2022)

Density dependence can be an important consideration:

@ The effect of density dependence depends upon the quantity of resources present within a landscape. A change in
available resources could increase or decrease the effect of density dependence and therefore cause a change in population
growth rate via indirectly impacting survival and/or reproduction.

@ This concept could be thought of in terms of community level interactions whereby one species is not impacted but a
competitor species is impacted by a chemical stressor resulting in a greater availability of resources for the unimpacted
species. In this scenario, the impacted species would experience a decline in population growth rate. The unimpacted
species would experience an increase in population growth rate (due to a smaller density dependent effect upon population
growth rate for that species).

Closed versus open systems:

@ The above discussion relates to closed systems (there is no movement of individuals between population sites) and thus a
declining population growth rate cannot be augmented by immigration.

@® When individuals depart (emigrate out of a population) the loss will diminish population growth rate.

Population growth rate applies to all organisms, both sexes, and all life stages.

How it is Measured or Detected

Population growth rate (instantaneous growth rate) can be measured by sampling a population over an interval of time (i.e. from
timet=0totimet=1). The interval of time should be selected to correspond to the life history of the species of interest (i.e. will be
different for rapidly growing versus slow growing populations). The population growth rate, r, can be determined by taking the
difference (subtracting) between the initial population size, Ni_g (population size at time t=0), and the population size at the end of

the interval, Ni—1 (population size at time t = 1), and then subsequently dividing by the initial population size.
Equation 2: r = (Ni=1 - Ni=g) / Ni—g

The diversity of forms, sizes, and life histories among species has led to the development of a vast number of field techniques for
estimation of population size and thus population growth over time (Bookhout 1994, McComb et al. 2021).

@ For stationary species an observational strategy may involve dividing a habitat into units. After setting up the units,
samples are performed throughout the habitat at a select number of units (determined using a statistical sampling design)
over a time interval (at time t = 0 and again at time t = 1), and the total number of organisms within each unit are

counted. The numbers recorded are assumed to be representative for the habitat overall, and can be used to estimate the
population growth rate within the entire habitat over the time interval.

@ For species that are mobile throughout a large range, a strategy such as using a mark-recapture method may be
employed (i.e. tags, bands, transmitters) to determine a count over a time interval (at time = 0 and again at time =1).
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Population growth rate can also be estimated using mathematical model constructs (for example, ranging from simple differential
equations to complex age or stage structured matrix projection models and individual based modeling approaches), and may
assume a linear or nonlinear population increase over time (Caswell 2001, Vandermeer and Goldberg 2003, Gotelli 2008, Murray
and Sandercock 2020). The AOP framework can be used to support the translation of pathway-specific mechanistic data into
responses relevant to population models and output from the population models, such as changing (declining) population growth
rate, can be used to assess and manage risks of chemicals (Kramer et al. 2011). As such, this translational capability can increase
the capacity and efficiency of safety assessments both for single chemicals and chemical mixtures (Kramer et al. 2011).

Some examples of modeling constructs used to investigate population growth rate:

@ A modeling construct could be based upon laboratory toxicity tests to determine effect(s) that are then linked to the
population model and used to estimate decline in population growth rate. Miller et al. (2007) used concentration—-response
data from short term reproductive assays with fathead minnow (Pimephales promelas) exposed to endocrine disrupting
chemicals in combination with a population model to examine projected alterations in population growth rate.

@ A model construct could be based upon a combination of effects-based monitoring at field sites (informed by an AOP) and
a population model. Miller et al. (2015) applied a population model informed by an AOP to project declines in population
growth rate for white suckers (Catostomus commersoni) using observed changes in sex steroid synthesis in fish exposed to
a complex pulp and paper mill effluent in Jackfish Bay, Ontario, Canada. Furthermore, a model construct could be comprised
of a series of quantitative models using KERs that culminates in the estimation of change (decline) in population growth

rate.

@ A quantitative adverse outcome pathway (QAOP) has been defined as a mathematical construct that models the dose—
response or response—response relationships of all KERs described in an AOP (Conolly et al. 2017, Perkins et al.

2019). Conolly et al. (2017) developed a gAOP using data generated with the aromatase inhibitor fadrozole as a stressor
and then used it to predict potential population-level impacts (including decline in population growth rate). The gAOP
modeled aromatase inhibition (the molecular initiating event) leading to reproductive dysfunction in fathead minnow
(Pimephales promelas) using 3 computational models: a hypothalamus—pituitary—gonadal axis model (based on ordinary
differential equations) of aromatase inhibition leading to decreased vitellogenin production (Cheng et al. 2016), a stochastic
model of oocyte growth dynamics relating vitellogenin levels to clutch size and spawning intervals (Watanabe et al. 2016),
and a population model (Miller et al. 2007).

@ Dynamic energy budget (DEB) models offer a methodology that reverse engineers stressor effects on growth,
reproduction, and/or survival into modular characterizations related to the acquisition and processing of energy resources
(Nisbet et al. 2000, Nisbet et al. 2011). Murphy et al. (2018) developed a conceptual model to link DEB and AOP models by
interpreting AOP key events as measures of damage-inducing processes affecting DEB variables and rates.

@ Endogenous Lifecycle Models (ELMs), capture the endogenous lifecycle processes of growth, development, survival, and
reproduction and integrate these to estimate and predict expected fitness (Etterson and Ankley, 2021). AOPs can be used to
inform ELMs of effects of chemical stressors on the vital rates that determine fitness, and to decide what hierarchical models
of endogenous systems should be included within an ELM (Etterson and Ankley, 2021).

Regulatory Significance of the AO

Maintenance of sustainable fish and wildlife populations (i.e., adequate to ensure long-term delivery of valued ecosystem services)
is a widely accepted regulatory goal upon which risk assessments and risk management decisions are based.
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Appendix 2

List

List

of Key Event Relationships in the AOP

of Adjacent Key Event Relationships

Relationship: 2073: Activation, PPARa leads to Decreased, cholesterol

AOPs Referencing Relationship

. Weight of Quantitative
AOP N Ad
ame Jacency Evidence Understanding
PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased . .
adjacent High Low

11-Ketotestosterone

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
teleost fish teleost fish High NCBI
Homo sapiens Homo sapiens  High NCBI
mice Mus sp. High NCBI
mammals mammals Moderate NCBI

Life Stage Applicability

Life

Stage Evidence

Adults High
Sex Applicability
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Sex Evidence

Male High

Female Moderate

TAXONOMIC APPLICABILITY

The understanding of the effects of PPARa agonists on cholesterol primarily comes from studies on mice and humans to develop
pharmaceuticals. However, lowered cholesterol in response to a PPARa agonist occurs in other mammals including rats, dogs, and
guinea pigs at low, non-toxic doses (Meyer et al., 1999).

There are several studies showing that in fish PPARa agonism decreases cholesterol via the same mechanisms as in humans:

1. LPL is conserved in zebrafish (NCBI). It is increased in several fish species exposed to PPARa agonists (Prindiville et al.,
2011; Teles et al., 2016; Guo et al., 2015)

2. LDL is decreased in several fish species exposed to PPARa agonists (see Table 1)

. CETP is conserved in zebrafish (NCBI)

4. APOAT1 is conserved in zebrafish (NCBI). However, results are mixed on the effects of PPARa agonists on APOA1 (Corcoran
et al., 2015; Teles et al., 2016) and HDL (see table 1) . In mice APOA1 is not regulated by PPARa (Staels & Auwerx, 1998),
so this may be the case in fish.

w

SEX APPLICABILITY

Male and female mice show different effects in several endpoints, including total cholesterol, in response to fibrate administration.
This is likely due to estrogen partially and indirectly inhibiting PPARa (Yoon, 2010; Jeong & Yoon, 2012). In fish, males and females
often show differing effects on cholesterol (Lee et al., 2019; Runnalls et al., 2007).

Key Event Relationship Description

PPARa is a nuclear receptor. With an agonist it promotes transcription of many genes, several of which are involved in cholesterol
transport and metabolism (reviewed in Rakhshandehroo et al., 2010).

Hydrophobic lipid molecules (such as cholesterol, cholesteryl ester, and triglycerides) are transported in the aqueous plasma of
organisms by forming lipoprotein complexes with apolipoproteins. There are different groups of lipoproteins which use different
apolipoproteins and ratios of lipids: low-density (LDL), very low-density (VLDL), and high density (HDL).

Fibrates are a class of drug that agonize PPARa to lower LDL and VLDL while slightly increasing HDL in humans (Singh & Correa,
2020).

Evidence Supporting this KER

See below.
Biological Plausibility

There are 4 proposed mechanisms through which PPARa agonists [fibrates] lower cholesterol in humans (Staels et al., 1998;
Chrusciel et al., 2015):

1. Increasing lipoprotein lipase (LPL) and decreasing its inhibitor, APOC3. LPL catabolizes triglycerides in VLDL which lowers the
amount VLDL.

2. Formation of LDL with a higher affinity for the LDL receptor resulting in increased cellular uptake and breakdown of LDL.

3. Reduced cholesterol ester transfer protein (CEPT) expression. CEPT transfers cholesteryl ester and triglycerides between
HDL and VLDL

4. Increased APOA1 and APOA2, the protein components of HDL, in the liver causing increased production of HDL.

Empirical Evidence

Speies PPARa Agonist Total CHL HDL LDL VLDL Citation
Adult Nile tilapia | 200 mg fenofibrate/kg . __ Ning et al.
(O. niloticus) BW for 4 weeks CleereEese IETEEEEE n-s. 2017
Juvenile female | 100 mg gemfibrozil/kg Prindiville et

rainbow trout (O. |BW every 3 days for 15 -22% -27% -34% -58%
i al. 2011
myKiss) days

Medaka (O. I0R Sk il

. gemfibrozil /L for 155 n.s. -- -- --
latipes) embryos d

ays Lee et al.
0.04 - 3.7 mg n.s. (females) 2019
Medaka (O. gemfibrozil /L for 21 decreased - - -
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latipes) adults days (males)
Adult zebrafish (D.| 16 mg gemfibrozilkg | ~15% (females) ~ ~ Al-Habsi et al.
rerio) BW per day for 30 days -19% (males) 2016
35, 667, & 1428 mg
HEI .Male bezafibrate/kg BW for -30% by 21 Velascc?
Zebrafish (D. - - Santamaria et
) 48 hours, 7 days, & 21 | days, all doses
rerio) al. 2011
days
Juvenile grass )
carp (C. idella) fed WO I el -22% n.s. -45% Du et al. 2008
BW per day for 2 weeks
HFD
Adult grass carp |z, o ciotibrate/kg BW -9% (HCD) | 539, (HCD) - Guo et al.
(Coidela) fedIHIEDY = o tor a weeks || 1227 (boti) 34% (HFD) 2015
or HCD per day -16% (HFD) | °"™
Decreased
Adglt o 1 mg/L clofibric acid for (females) Runnalls et al.
minnow (P. n.s. n.s. =
21 days 2007
promelas) n.s. (males)
. 5 or 50 mg WY-
S Turbot 14,643/kg BW for 7 or decreased decreased == = Urbatzka et al.
(S. maximus) 21 days 2015

Table 1: Concordance Table for Teleost Fish. Body Weight (BW), Not Significant (n.s.), Cholesterol (CHL), High Fat Diet (HFD),
High Carbohydrate Diet (HCD)

Uncertainties and Inconsistencies

Although humans taking fibrate medications show lowed LDL and VLDL but slightly increased HDL, this pattern is not seen in fish
(Prindiville et al., 2011). The exact reason(s) why is not well understood.

Quantitative Understanding of the Linkage

See below
Response-response relationship

After a 7 day exposure to bezafibrate (BZF), male zebrafish exposed to 1.7 mg BZF/g food showed no significant decrease in
plasma cholesterol (p>0.05). However, those exposed to 33 and 70 mg BZF/g food showed a 25 and 48% reduction, respectively,
in plasma cholesterol (p=0.04 and p<0.001, respectively) (Velasco-Santamaria et al., 2011).

Time-scale

Lowered cholesterol in adult male zebrafish due to bezafibrate exposure can be seen after 7 days, but not after just 48 hours
(Velasco-Santamaria et al., 2011).

Known modulating factors
Modulating factors haven't been evaluated yet.
Known Feedforward/Feedback loops influencing this KER

Feedback/feedforward loops haven't been evaluated yet.
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Relationship: 2072: Decreased, cholesterol leads to Decreased, 11KT

AOPs Referencing Relationship

. Weight of Quantitative
AOP Name Adjacenc
J y Evidence Understanding
PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased adjacent High Low

11-Ketotestosterone

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links
teleost fish  teleost fish High NCBI

Vertebrates Vertebrates Low NCBI
Sex Applicability
Sex Evidence
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Mglex  Eiglence

Female Low

Taxanomic Applicability: The understanding of steroid hormone biosynthesis is developed from human and rodent studies but is
generally conserved among vertebrates. Cyp11al, which performs the first step of converting cholesterol to steroid hormones, is
only found in vertebrates (Slominski et al., 2015). However, the relationship may not be relevant or studied in organisms in which
11KT isn't a primary androgen. 11KT is particularly relevant teleost fish as it is the dominant androgen and involved in testicular

development and courtship behavior (Brantley et al., 1993; Barannikova et al., 2004; Gemmell et al., 2019). Evidence supporting
this KER comes from a few fish species, including zebrafish and medaka, but is biologically plausible for all teleost fish.

Sex Applicability: Male and female fish use the same biological processes to produce steroids and express the necessary enzymes.
In most fish species 11KT is significantly lower in females versus males, however a a few species of the order Perciformes show no
sexual dimorphism (Lokman et al. 2002). In species with sexual dimorphism, males could show more significant effects resulting
from lowered 11-KT than females. Decreased production of 11-KT in females may not be detectable due to low baseline
production, however there are few studies available showing the relationship between cholesterol and 11KT in female fish.

Life-Stage Applicability:

Key Event Relationship Description

The cholesterol molecule is the precursor for all steroid hormone synthesis. Cholesterol is obtained from de novo synthesis within
cells or uptake of extracellular cholesterol (Eacker et al., 2008), however the dependence on either source varies by species
(Klinefelter et al., 2014). Cholesterol is then transported into the inner mitochondrial membrane via the steroidogenic acute
regulatory protein (StAR). Cholesterol is then converted to pregnenolone via the enzyme cytochrome P450 side-chain cleavage
(cyp11al). This is the rate-limiting step of steroidogenesis (Arukwe, 2008). Pregnenolone is then used to produce all other steroid
hormones. 11-KT is synthesized from testosterone primarily using the enzymes CYP11B1 and HSD11B2 (Yazawa et al., 2008).

Evidence Supporting this KER

Decreased
Time Dose Czetl:reasec:o Citation |Species
olesterol? 11-KT?2
48 1.7,33,&70 No No
hours |mg/g Bezafibrate
33 & 70 mg/g
70ays | g afibrate es MY SZ::;;C:r}a Danio
Reri
21 days 1.78& 3.3 mo/g Yes No etal. 2011 ero
Bezafibrate
70 mg/g
2 cayE Bezafibrate es es
67aays| O | e memente with 250, | Fraz stal- | Danio
Y31 Gemfibrozil PP 2018 Rerio
cholesterol
0.04 mg/L
21 . . Y N
days Gemfibrozil es ° Lee etal. | Oryzias
201 lati
21 days 0.4 & 3:7 mg/L Yes Yes 019 atipes
Gemfibrozil

Biological Plausibility
The process of steroid hormone biosynthesis is well understood, and cholesterol is the precursor for all steroid hormones.

Empirical Evidence

Dose Concordance

In male zebrafish bezafibrate lowers cholesterol in lower doses than 11KT (Velasco-Santamaria et al. 2011).

In male medaka gemfibrozil lowers cholesterol in a lower dose than 11KT (Lee et al. 2019)

Temporal Concordance

Male zebrafish fed bezafibrate show lowered cholesterol days before lowered 11KT (Velasco-Santamaria et al. 2011).
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Incidence Concordance

Fraz et al. (2018) show reduced ex vivo production of 11KT in male Zebrafish, due to gemfibrozil exposure, is corrected by addition
of 25-hydroxycholesterol. This means the decreased steroid synthesis is due to decreased cholesterol availability. Addition of
human chorionic gonadotropin, which binds to the LHCG receptor to promote 11KT synthesis, does not correct the decrease in
11KT.

Uncertainties and Inconsistencies

Although Al-Habsi et al. (2016) show female zebrafish exposed to gemfibrozil and/or atorvastatin have decreased cholesterol and
testosterone, decreased testosterone was not seen in males. Although several papers show 11KT is generally correlated with
testosterone concentrations (Spano et al., 2004; Maclatchy & Vanderkraak 1995; Lorenzi et al., 2008), it's uncertain if 11KT was
actually affected.

11KT levels can have high variability between fish. Although Lee et al. (2019) shows a decrease in testosterone and 11KT in a 21-
day study, steroid measurements from the 155-day study showed no significant effects. This is possibly due to limited samples size
(n=3-5).

Quantitative Understanding of the Linkage

Response-response relationship

Velasco-Santamaria et al. (2011) sampled male zebrafish fed several doses of bezafibrate (1.7, 33, & 70 mg BZF/g food) at several
timepoints (48 hours, 7 days, and 21 days). Decreased plasma cholesterol is observed after 7 days to 33 mg/g. However, 11-KT
isn’t significantly decreased until 21 days to 70 mg/g. There is a positive linear correlation between cholesterol and 11KT (r=0.291,
p=0.0004). These decreases are observed without significant changes to cyp11al or StAR.

Male medaka exposed to gemfibrozil for 21 days show decreased cholesterol with doses of 0.03, 0.3, and 3.0 mg/L. However,
decreases in 11KT is only significant at doses of 0.3 and 3.0 mg/L (Lee et al. 2019).

Time-scale

Decreases in cholesterol in Zebrafish due to bezafibrate exposure can be seen after 7 days, however, decreases in plasma 11-KT
aren't significant until 14 days later (Velasco-Santamaria et al. 2011).

A six-week exposure to gemfibrozil, a cholesterol-lowering pharmaceutical, is sufficient to lower 11-KT levels in the plasma, testes,
and whole-body samples of male Zebrafish (Fraz et al. 2018). A 21-day exposure to gemfibrozil is sufficient to lower plasma
cholesterol and 11-KT levels in male Japanese Medaka (Lee et al. 2019).

Known Feedforward/Feedback loops influencing this KER

Decreases in plasma cholesterol are correlated with a slight increase in StAR in zebrafish (Velasco-Santamaria et al. 2011). This is
a possible compensatory mechanism to increase the amount of cholesterol in the mitochondria.
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Relationship: 2076: Decreased, 11KT leads to Impaired, Spermatogenesis

AOPs Referencing Relationship

AOP Name Adjacency We_lght of Quantltatl\_le
Evidence Understanding
PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased . )
adjacent High Low
11-Ketotestosterone
Inhibition of 11B-Hydroxysteroid Dehydrogenase leading to decreased . .
adjacent High Moderate

population trajectory

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

teleost fish teleost fish High NCBI
Life Stage Applicability

Life Stage Evidence

Adult, reproductively mature High
Sex Applicability

Sex Evidence

Male High

Taxonomic:
11-KT is the main androgen in teleost fish (Borg, B. 1994).
Sex Applicability:

11-KT is present in both male and female fish; however, spermatogenesis is a male-specific process.
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Life Stage Applicability:

AOP323

Spermatogenesis is observable in male fish that have reached the reproductive stage.

Key Event Relationship Description

Androgens are critical for maintaining the normal male reproductive system (Tang, H., et al. 2018). Of these androgens, 11-KT has been

identified as the most important in teleost fish (Borg, B. 1994). 11-KT is produced by the cyp11c1 encoded enzyme, 11B-hydroxylase (Zheng,
et al. 2020). 11-KT has been shown to bind to the androgen receptor with similar affinity as testosterone in zebrafish (Jorgensen, et al. 2007). It
is well documented that 11-KT is involved in spermatogenesis, spermiation, male secondary sexual characteristics, and breeding behaviors
(Geraudie, P. et al. 2010; Amer, M.A. et al. 2001). 11-KT is needed for the inducement of spermatogenesis and sperm production in teleost
fish, with 10 ng/ml 11-KT being sufficient to induce full spermatogenesis in the Japanese eel (Miura, C. and T. Miura 2011). The mechanism
through which 11-KT induces spermatogenesis is believed to be via activation of Sertoli cells and activin B (Miura et al. 2011; Miura et al. 2001;
Sales, C.F., et al. 2020; Cavaco J.E.B., et al. 1998). 11-KT is not responsible for the acquisition of sperm motility in salmonids (Miura, et al.

1992).

Evidence Supporting this KER

Table 2. Effect of either 11-ketotestosterone (11-KT) treatment or increased testicular production/plasma concentrations of 11-KT on
spermatogenesis.

weight of 11-KT

end control to about
65% stage 2 and
35% stage 3 (contain
spermatogonia,
spermatocytes and

Species Experimental design 11-KT treatment | Spermatogenesis 11- | Spermatogenesis (+) | Citation
or response effect KT 1
O
Senegalese sole Treated with saline Fish treated Fish treated Yes Yes Agulleiro,
(Solea senegalensis) | (control) or with with GnRHa + OA | with GnRHa + OA M.J., et
50 pg/kg GnRHa, with or | saw increased 11- | saw lower number of al. 2007
without another implant | KT levels spermatogonia and
containing 2 or 7 mg/kg | compared to spermatocytes and a
11-ketoandrostenedione | control higher number of
for 28 days and GnRHa alone [ spermatids than
those of GnRHa or
control
Japanese huchen Incubated immature 10 ng/ml for 15 BrdU (proliferation Yes Yes Amer,
(Hucho perryi) testis fragments days marker) index M.A. et
reached 34.5% * al. 2001
1.7%; percentage of
late type B
spermatogonia
reached about 7.5%
compared to 0% in
control
African catfish Juvenile male catfish 30 pg/g body GSl increased Yes Yes Cavaco,
(Clarias gariepinus) implanted with pellets weight of 11-KT; | compared to control; J.E.B. et
containing 30 pg/g body | plasma 11-KT testicular stage 1 al. 2001
weight of 11-KT levels reached 8.3 | (contain
+ 0.6 ng/ml after | spermatogonia only)
2 weeks and 2 (contain
spermatogonia and
spermatocytes)
increased from about
90% stage 1 and
10% stage 2 in end
control to about 25%
stage 1 and 75%
stage 2
African catfish Male catfish at beginning | Plasma 11-KT Testicular stages Yes Yes Cavaco
(Clarias gariepinus) of spermatogenesis levels reached 6.1 | changed from about J.E.B,,
implanted with pellets + 0.8 ng/ml after | 65% stage 1 and et al.
containing 30 pg/g body | 2 weeks 35% stage 2 in the 1998
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spermatids)
Male catfish at beginning | Plasma 11-KT Testicular stages Yes Yes
of spermatogenesis levels reached 7.3 | changed from about
implanted with pellets + 0.7 ng/ml after [ 65% stage 1 and
containing 30 pg/g body | 2 weeks 35% stage 2 in the
weight of 11B- end control to about
hydroxyandrostenedione 55% stage 2 and
40% stage 3
Male catfish at beginning | Plasma 11-KT Testicular stages Yes Yes
of spermatogenesis levels reached 2.4 | changed from about
implanted with pellets + 0.3 ng/ml after [ 65% stage 1 and
containing 30 pg/g body | 2 weeks 35% stage 2 in the
weight of end control to about
androstenetrione 50% stage 2 and
50% stage 3
Atlantic salmon Immature fish injected After 7 and 14 5-fold higher number | Yes Yes Melo,
(Salmo salar) with days, 11-KT of type A M.C. et
25 pg adrenosterone/g of | plasma levels differentiated al. 2015
body weight significantly spermatogonia than
increased control fish after 14
compared to days (7-day samples
control (7 days lost - no data)
post-treatment
were higher)
Japanese eel Immature testes were 0.01 ng/ml 11-KT | No effect Yes No Miura,
(Anguilla japonica) removed and cultured in | for 15 days T., et al.
medium with varying 1991
levels of 11-KT 0.1 ng/ml 11-KT [ No effect Yes No
for 15 days
1 ng/ml 11-KT for | No effect Yes No
15 days
10 ng/ml 11-KT Mitosis occurred in Yes Yes
for 15 days 50-60% of cysts (as
effective as 100
ng/ml 11-KT
treatment)
100 ng/ml 11-KT | Mitosis occurred in Yes Yes
for 15 days 50-60% of cysts (as
effective as 10 ng/ml
11-KT treatment)
Japanese eel Immature testis 10 ng/ml of 11-KT | Began mitotic Yes Yes Miura,
(Anguilla japonica) fragments cultured in for 9 days division; produced T., et al.
media with 11-KT for up late-type B 1991
to 36 days spermatogonia
10 ng/ml of 11-KT | Produced zygotene | Yes Yes
for 18 days spermatocytes from
meiotic prophase
10 ng/ml of 11-KT | Spermatids and Yes Yes
for 21 days spermatozoa
observed
10 ng/ml of 11-KT | All stages of germ Yes Yes
for 36 days cells present
Chub mackerel Peptide mix containing | Treated fish Significantly higher | Yes Yes Selvaraj,
(Scomber japonicus) | synthetic peptides showed levels of spermatids S., etal
corresponding to chub significantly and spermatozoa 2013
mackerel Kiss1-15 at a | higher 11-KT
final concentration of levels
250 ng/g fish were
injected 3 times at 2-
week interval (immature
adult)
Japanese eel Testicular fragment No significant Nonsignificant No No Ozaki,
treated with 0.01 ng/ml change in 11-KT | increase Y., et al.
(Anguilia japonica) | cortisol production in BrdU Index 2006
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compared to compared to control
control
Testicular fragment No significant Significant increase No Yes
treated with 0.1 ng/ml change in 11-KT | in BrdU Index
cortisol production compared to control
compared to
control
Testicular fragment t Nonsignificant, Significant increase No Yes
slight increase in | in BrdU Index
treated with 1 ng/ml 11-KT production | compared to control
cortisol compared to
control
Testicular fragment Nonsignificant Significant increase No Yes
treated with 10 ng/ml increase in 11-KT | in BrdU Index
cortisol production compared to control
compared to
control
Testicular fragment Significant Significant increase | Yes Yes
treated with 100 ng/ml increase in 11-KT | in BrdU Index
cortisol production compared to control
compared to
control
Zebrafish cyp11c1 knockout 100 nM 11-KA for | Promoted the Yes Yes Zhang,
rescue via 11- 4 hours per day juvenile ovary-to- Q., et al.
(Danio rerio) ketoandrostenedione for 10 days testis transition; 2020
(11-KA) treatment genes associated
with Leydig cell
development/function
restored; increased
sperm volume

1 (+) represents an effect on the key event has been established.

It is well known that 11-KT is a critical androgen for proper male reproduction in Biological Plausibility
teleost fish. The males' primary reproductive role is to fertilize the oocytes.

Seasonal changes in 11-KT are correlated with cyclic spermatogenesis events in
teleosts (Basak, R., et al. 2016). In many teleost fish, 11-KT levels peak at Empirical Evidence
spawning (see Table 1 below).
In African catfish, 11-ketotestosterone, but not

11-KT is proposed to induce spermatogenesis via the activation of Sertoli cells, testosterone, stimulated spermatogenesis
which in turn regulates factors including activin B (Miura et al. 2011; Miura et al. (Cavaco et al., 2001)

2001). Activin B stimulates spermatogonial proliferation (Sales, C.F., et al. 2020;

Cavaco J.E.B., et al. 1998). Juvenile atlantic salmon injected

with adrenosterone, which is converted to 11KT,
show increased 11KT in their plasma and
increased differentiation of spermatogonia (Melo
et al., 2015)

Zhang et al. (2020) showed that zebrafish with cyp17c1 knockout have reduced 11-
KT levels, smaller genitalia, inability naturally mate, defective Leydig and Sertoli
cells, and insufficient spermatogenesis. This is corrected by treatment of 100 nM
11-KA (which is converted to 11-KT in vivo) for 4 hours per day for 10 days. This

shows that spermatogenesis was arrested due to insufficient 11-KT levels. Nile tilapia lacking cyp11c1 show dramatically

reduced 11KT levels
and delayed spermatogenesis. Spermatogenesis
Table 1. Plasma concentrations of 11-KT peak during spawning and decline shortly is rescued by 11KT supplementation. Without

after in a variety of species. 11KT supplementation,
spermatogenesis occurred later with fewer viable
Species Scientific name Reproductive | Citation sperm (Zheng et al., 2020)
strategy ! o
Injection of female honeycomb grouper, a
Japanese huchen Hucho perryi Single Amer et al., |protogynous hermaphroditic fish, with 11KT
2001 induces a female-to-male sex change and
Bester Huso huso L. female x Single Amiri et al., stimulates spermatogenesis (Bhandari et al.,
Acipenser ruthenus L. male 1996 2006)
Spotted snakehead | Channa punctatus Multiple Basak et al., In nile tilapia the absence of functional eukaryotic
2016 elongation factor 1 alpha (eEF1A) causes
) ) ) : ) infertility and arrest of spermatogenesis.
Chanchita Cichlasoma dimerus Multiple Birba et al., Heterozygous mutation causes significantly
il reduced 11KT and abnormal spermiogenesis
| arnemoiith hass Micronteriis salmoides salmoides | Multinle Rrown et al .
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Chinook salmon

Gilthead seabream

Mummichog
Eastern
Mosquitofish

Rainbow trout

Senegalese sole

Roach

Sterlet

Sablefish

Brook trout

Brill

Three-spined

stickleback

Red-spotted grouper

Japanese dace

Walleye

Florida gar

Chum Salmon

Hornyhead Turbot

Golden mahseer

Plainfin midshipman

Amago salmon

Atlantic halibut

B T T T T Ty

Oncorhynchus tshawytscha

Sparus aurata L.

Fundulus heteroclitus

Gambusia holbrooki

Salmo gairdneri

Solea senegalensis

Rutilus rutilus

Acipenser ruthenus

Anoplopoma fimbria

Salvelinus fontinalis

Scophthalmus rhombus L.

Gasterosteus aculeatus

Epinephelus akaara

Tribolodon hakonesis

Stizostedion vitreum

Lepisosteus platyrhincus

Oncorhynchus keta

Pleuronichthys verticalis

Tor putitora

Porichthys notatus

Oncorhynchus rhodurus

Hippoglossus hippoglossus L.

AOP323

Single

Multiple

Multiple

Multiple

Single

Multiple

Multiple

Single

Multiple

Single

Multiple

Multiple

Multiple

Multiple

Single

Multiple

Single

Multiple

Multiple

Single

Single

Multiple

e - -y

2019

Campbell et
al., 2003

Chaves-
Pozo et al.,
2008

Cochran,
1987

Edwards et
al., 2013

Fostier et
al., 1984

Garcia-
Lépez et al.,
2006

Geraudine et
al., 2010

Golpour et
al., 2017

Guzman et
al., 2018

de
Montgolfier
et al., 2009

Hachero-
Cruzado et
al., 2012

Hellgvist et
al., 2006

Li et al.,
2007

Ma et al.,
2005

Malison et
al., 1994

Orlando et
al., 2003

Onuma et
al., 2009

Reyes et al.,
2012

Shabhi et al.,
2015

Sisneros et
al., 2004

Ueda et al.,
1983; Sakai
et al., 1989

Weltzien et
al., 200

1 Defined as single spawning species (spawn once/year) or multiple spawning species

(spawn multiple clutches of eggs per reproductive period).

(Chen et al., 2017)
Dose concordance

Increases in 11-KT levels correspond with increases
in spermatogenesis in multiple studies (see Table 2
above). Melo et al. (2015) showed that treatment of
adrenosterone - or OA - (which is converted to 11-KT
in vivo) increases 11-KT levels, and this sustained
increase induces spermatogonial differentiation.

Decreases in 11-KT levels correspond with decreases
in spermatogenesis in multiple studies (see Table 3
above). Liu, Z.H., et al. (2018) showed that exposure
to 10 ng/L DES for 28 days significantly decreases
11-KT levels and disrupts spermatogenesis.
Additionally, exposure to 100 ng/L DES for 28 days
has further negative effects on 11-KT levels and
spermatogenesis.

Temporal concordance

11-KT peaks at spawning in a number of teleost fish
(see Table 1 above).

Melo et a. (2015) showed treatment with
adrenosterone (OA) caused an increase in 11-KT
levels, which sustained through 7 days after
treatment and (to a lesser extent) 14 days after
treatment. Type A differentiated spermatogonial
numbers also increased 14 days after treatment.
There was no spermatogenesis data for 7 days after
treatment, due to the samples being lost.

A study by de Waal et al. (2009) showed treatment
with 10 nM E2 for 6 and 21 days resulted in
decreased 11-KT levels and decreased
spermatogonial proliferation. The 21 day treatment
saw more spermatogonial arrest than the 6 day
treatment.

Table 3. Effect of either decreased plasma
concentration or testicular production of 11-
ketotestosterone (11-KT) on spermatogenesis.

Species

Experimental
design

11-KT treatment
or response

Spermatogenesis
effect

11-KT | Spermatogenesis | Citation
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O 0!
Guinean tilapia Fish from multiple Levels Amounts of Yes Yes Agbohessi,
(Tilapia guineensis) sites contaminated | significantly lower | spermatids and P.T., et al.
with pesticides were | in contaminated spermatozoa were 2015
studied sites decreased in
contaminated sites
African catfish Levels Amounts of Yes Yes
(Clarias gariepinus) significantly lower | spermatozoa were
in contaminated decreased in
sites; larger contaminated sites
change than in
Guinean tilapia
Nile tilapia Heterozygous Significantly Absence of Yes Yes Chen, J. et
(Oreochromis niloticus) mutation of decreased serum | spermatocytes at 90 al. 2017
eEF1A1b 11-KT at 90 and dah, and decreased
(eEF1A1b*") via 180 days after number of
CRISPR/Cas9 hatch (dah) spermatocytes,
spermatids and
spermatozoa at 180
dah
Zebrafish (Danio rerio) Adult fish exposed | Significantly Type B Yes Yes de Waal et
to 10 nM 17pB- decreased ex vivo | spermatogonia, al. 2009
estradiol (E2) via testicular primary
water for 6 days production; 6 day | spermatocytes, and
exposure to 10 nM | secondary
E2 spermatocytes
decreased to 54-60%
of control levels
Adult fish exposed | Significantly Type B Yes Yes
to 10 nM E2 via decreased ex vivo | spermatogonia,
water for 21 days testicular primary and secondary
production; 6 day | spermatocytes, and
exposure to 10 nM | spermatids
E2 significantly decreased
further (e.g,
spermatids to 19% of
control)
Goldfish (Carassius Mature fish exposed | Increase in 11-KT | Nonsignificant No No Hatef, A. et
auratus) for 30 days to level (compared to | decrease (compared to al. 2012
100 pg/L anti- control) control) in sperm
androgen vinclozolin volume, motility, and
(VZ) water velocity
Mature fish exposed | No significant Nonsignificant No Yes
for 30 days to change in 11-KT decrease (compared to
400 pg/L anti- level (compared to | control) in sperm
androgen vinclozolin | control) volume, motility and
(VZ) water velocity; spermatozoa
without flagella or with
damaged flagella were
observed
Mature fish exposed | Decrease in 11-KT | Significant decrease Yes Yes
for 30 days to level (compared to | (compared to control)
800 pg/L anti- control); similar in sperm volume,
androgen vinclozolin | level to E2 motility, and velocity;
(VZ) water negative control spermatozoa without
flagella or with
damaged flagella were
observed
Yellow catfish Juvenile fish Plasma levels Loss of spermatids; Yes Yes Liu, Z.H., et
(Pelteobagrus fulvidraco) | exposed to 10 ng/L | lightly (but presence of several al. 2018
DES for 28 days via | significantly) lacunas
water decreased
compared to
control
Juvenile fish Plasma levels Loss of spermatids; Yes Yes
exposed to 100 ng/L | lightly (but more lacunae than 10
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DES for 28 days via | significantly) ng/L exposure
water decreased
compared to
control
Nile tilapia Sexually mature No significant No change to No No Pereira, T.S.,
(Oreochromis niloticus) males exposed via | change compared | seminiferous tubules, et al. 2015
water to 200 ng/L to control and no change to
diuron for 25 days spermatid or
spermatozoa numbers
Sexually mature Significant Seminiferous tubules Yes Yes
males exposed to decrease of 11% | reduced about 60%
200 ng/L DCA compared to and spermatid and
(diuron metabolite) | control spermatozoa amounts
for 25 days decreased by about
10% compared to
control
Sexually mature Significant Seminiferous tubules Yes Yes
males exposed to decrease of 11% | reduced about 60%
200 ng/L DCPU compared to and spermatid and
(diuron metabolite) | control spermatozoa amounts
for 25 days decreased by about
10% compared to
control
Sexually mature Significant Seminiferous tubules Yes Yes
males exposed to decrease of 11% | reduced about 60%
200 ng/L DCPMU compared to and spermatid and
(diuron metabolite) | control spermatozoa amounts
for 25 days decreased by about
10% compared to
control
Nile tilapia Adult males; Significant Significant decrease in Yes Yes Sales, C.F.,
(Oreochromis niloticus) starvation for 7 reduction in number of et al. 2020
days plasma 11- spermatocytes and
KTcompared to spermatozoa
control
Adult males; Significant Significant decrease in Yes Yes
starvation for 14 reduction in number of
days plasma 11-KT spermatocytes and
compared to spermatozoa
control
Adult males; Significant Significant decrease in Yes Yes
starvation for 21 reduction in number of
days plasma 11-KT spermatocytes and
compared to spermatozoa;
control significant decrease
type A undifferentiated
and differentiated
spermatogonia
Adult males; Significant Significant decrease in Yes Yes
starvation for 28 reduction in number of
days plasma 11-KT spermatocytes and
compared to other | spermatozoa;
starvation significant decrease
durations type A undifferentiated
and differentiated
spermatogonia
Zebrafish Androgen receptor | Significantly Significant decrease in Yes Yes Tang, H., et
(an knockout decreased in adult | number of germ cells, al. 2018
(Danio rerio) whole-body most of which were
homogenate stopped at early
stages of
development; some
spermatozoon found
Zebrafish Bezafibrate (BZF) Non-significant Did not report results No n/a Velasco-
administered orally | decrease Santamaria,
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(Danio rerio)

Zebrafish

(Danio rerio)

Zebrafish

(Danio rerio)

Zebrafish

(Danio rerio)

to adult males at
1.7 mg BZF/g food
for 21 days

Bezafibrate (BZF)
administered orally
to adult males at 33
mg BZF/g food for
21 days

Bezafibrate (BZF)
administered orally
to adult males at 70
mg BZF/g food for
21 days

Adult males
exposed for 30 days
to 100 ng/L DES
(estrogen) via water

Adult males
exposed for 30 days
to 300 pg/L FLU
(anti-androgen)

Adult males
exposed for 30 days
to combo of 100
ng/L DES and

300 pg/L FLU

Mettl3 mutation

cyp11c1 knockout
via CRISPR/Cas9
(homozygous
mutation)

1 (-) represents an effect on the key event has been established.

Uncertainties and Inconsistencies

AOP323

compared to
control

Non-significant
decrease
compared to
control

Significant
decrease
compared to
control

Plasma levels
decreased 3-fold

Plasma levels
decreased 2-fold

Plasma levels
decreased 6-fold

Serum
concentration
significantly
decreased

Significantly
decreased levels

Did not report results

Testicular
degeneration;
increased syncytia and
spermatocytes

Adverse effect on
testicular development
and spermatogenesis;
sperm concentration
decreased 3-fold

Adverse effect on
testicular development
and spermatogenesis;
sperm concentration
decreased 3-fold

Adverse effect on
testicular development
and spermatogenesis;
sperm concentration
decreased 4-fold

Little or no mature
sperm; 24.4%
spermatogonia, 56.1%
spermatocytes, and
10.4% spermatozoa
(compared to 7.5%,
26.7%, and 50.1% in
wild type)

Insufficient
spermatogenesis, but
not completely
blocked; sperm
volume significantly
decreased

No

Yes

Yes

Yes

Yes

Yes

Yes

n/a

Yes

Yes

Yes

Yes

Yes

Yes

Y.M., et al.
2011

Yin, P. et al.
2017

Xia, H. et al.
2018

Zhang, Q., et
al. 2020

In a study by Hatef, A. et al. (2012), treatment with the anti-androgen vinclozolin at 100 pg/L saw an increase in 11-KT levels with no
significant change to spermatogenesis. This is consistent with other studies provided. Additionally, treatment at 400 pg/L saw no
significant change in 11-KT levels with a decrease in spermatogenesis (although this decrease may not be statistically significant). The
reason for these increases in 11-KT remains unknown; however, it is hypothesized that it is due to competitive androgen receptor binding.

Ozaki et al. (2006) showed that treatment with 100 ng/ml of cortisol significantly increased 11-KT levels. However, the less concentrated
doses only saw non-significant increases in 11-KT with significant increases in spermatogenesis observed in all but the lowest dose.

Despite this, Ozaki et al. make the generalization that cortisol treatment increased 11-KT and, in turn, spermatogenesis.

The study by Runnalls et al. (2007) saw treatment with Clofibric acid caused no significant changes to 11-KT levels, but that the levels did
appear lower. Additionally, these treatments saw no significant effect on sperm number, but did see a significant increase in the number of

non-viable sperm.

In a study by Zhang, Q., et al. (2020), cyp11c1 knockout did not completely block spermatogenesis. Zhang et al. explain this could be
due to other androgens (11B-hydroxyandrostenedione and testosterone) compensating for the reduction in 11-KT, as they can both bind to
the androgen receptor to influence downstream signaling.

Quantitative Understanding of the Linkage

Response-response relationship
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Decreases in 11-KT levels were also seen with decreases in spermatogenesis in several studies (see table above).

10 ng/ml of 11-KT has been shown to be needed to induce full spermatogenesis in Japanese eel (Amer, M.A. et al. 2001; Miura, C. et al.
2011).
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Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
teleost fish teleost fish High NCBI
Life Stage Applicability
Life Stage Evidence

Adult, reproductively mature High
Sex Applicability
Sex Evidence

Male High

Taxonomic Applicability: Spermatogenesis is one of the most conserved biological processes from Drosophila to humans (Wu et
al., 2016). As a result, animals who utilize sexual reproduction as their way to produce offspring are heavily reliant on
spermatogenesis being effective and normal. There are studies on reproduction and spermatogenesis across a multitude of taxa.

Sex Applicability: Spermatogenesis is a male-specific process (Schulz et al., 2010, Tang et al., 2018, Wu et al., 2015 ). Thus, the
present relationship is only relevant for males.

Life Stage Applicability: Spermatogenesis and reproduction are only relevant for sexually-mature adults.
Key Event Relationship Description

Spermatogenesis is a multiphase process of cellular transformation that produces mature male gametes known as sperm for sexual
reproduction. The process of spermatogenesis can be broken down into 3 phases: the mitotic proliferation of spermatogonia,
meiosis, and post meiotic differentiation (spermiogenesis) (Boulanger et al., 2015). Male fertility is dependent on the quantity as well
as the proper cellular morphology of the sperm formed in the testes. The fusion of sperm and oocytes is the key step for the
beginning of life known as fertilization. Oocyte fertilization and the production of viable offspring from sexual reproduction are
dependent on spermatogenesis and sufficient quantity and quality of sperm. When the impairment of spermatogenesis occurs, it
can result in impaired reproduction with a decrease in viable offspring.

Evidence Supporting this KER

Table 1A - Concordance table [authors A-N] (full table as PDF)

Species Experimental Evidence of Impaired | Evidence of Viable IS voD Citation | Notes
design Spermatogenesis (IS) Offspring, observed? | observed?
Decreased (VOD)
Zebrafish Two generation e Significant ® Delayed Yes No: F1 and | Chen et Female-biased
exposure to 1nM decrease in hatching at F2 al., 2015 | sex ratio
(Danio rerio) | BPA sperm density of 48hpf and observed in both
F1 and F2 males increased Ye;: F1 and F2 adults
. offspring of
compared to malformation Fo
control and mortality
® Decreased sperm were observed
quality as in the offspring
measured by from BPA-
motility, velocity, exposed F2;
ATP content and paternal-
lipid peroxidation specific

in F1 and F2
males

resulting from
BPA-exposed
males

e No significant
difference in
egg production
and fertilization
of F1 and F2
females
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Tilapia
(Oreochromis
niloticus)

Zebrafish

(Danio rerio)

Zebrafish

(Danio rerio)

Zebrafish

(Danio rerio)

CRISPR/Cas9
mediated
mutation of
eEF1A1b; F1
sampled at 90,
120, 150 and 180
days after hatch

Adult males
exposed to two
concentrations of
bis-(2-ethylexhyl)
phthalate
(DEHP; 0.2 or 20
pg/L) for three
weeks; 25 ng
ethynylestradiol
positive control

Targeted genetic
disruption of
tdrd12 through
TALEN
techniques

Fish were
exposed from 2
to 60 days post-
hatch (dph) to
nonylphenol (NP;
10, 30, or 100
pg/L nominal) or
ethinylestradiol
(EE2; 1, 10, or
100 ng/l

Significant
downregulation of
key genes
involving
spermatogenesis
Spermatogenesis
arrested; reduced
number of
spermatogonia
and
spermatocytes
Altered
morphology
Delayed
spermatogenesis
Reduced motility

Areas of
spermatogonial
and spermatid
cysts were larger
in fish exposed to
20 pg/L DEHP
compared with
controls
Testicular area of
spermatocyte
cysts was lower
in males exposed
to 0.2 ug/L DEHP
Testicular area
occupied by
spermatocytes
was reduced in
fish exposed to
DEHP compared
to controls, with a
concomitant
increase in the
area occupied by
spermatogonia

Reduced
expression of
germ cell
markers vasa,
dnd, piwil1 and
amh in mutants
Deformed and
apoptotic
spermatogonia at
35 dpf found in
mutants

Lack of
spermatozoa at
adult stage

Majority of fish
exposed to 10
ng/I EE lacked
differentiated
gonadal tissue
(undeveloped
gonads) at 60
dph

One fish at NP-
30 pg/l and two

® Reduced in Yes Yes

AOP323

Chen et
vitro fertilization al., 2017
rate (5% vs

80% in WT)

due to

abnormal

spermiogenesis

Significant Yes Yes Corradetti
decrease in et al.,
embryo 2013
production (up

to 90%)

observed in

males treated

with DEHP (0.2

and 20 pg/L)

Hatch rate of

embryos

significantly

lower in DEHP-

exposed males

Infertile under Yes Yes Dai et al.,
standard 2017
breeding

despite being

able to induce

female egg

laying (0%

fertilization)

Zebrafish Yes Yes Hill and
exposed to 10 Janz,
ng/l of EE 2003
exhibited a

significant

reduction in the

percent of

viable eggs

(clear vs

opaque)

eEF1A1Db -
elongation factor

Reproductive
performance
evaluated with
untreated
females in clean
water

Tudor domain-
related proteins
(Tdrds) have
been
demonstrated to
be involved in
spermatogenesis
and Piwi-
interacting RNA
(piRNA) pathway

Due to high
mortality in the
100 ng/l EE
group,
insufficient fish
were available for
analyses
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Roach

(Rutilus
rutilus)

Japanese
medaka

(Oryzias
latipes)

Zebrafish

(Danio rerio)

nominal); reared
until adulthood
(120 dph) for
breeding studies

Mature adult
roach collected
from both
reference and
river (effluent
contaminated)
sites during two
consecutive
spawning
seasons;
artificially
induced to
spawn in
laboratory

Adult medaka
exposed for 21
days to 29.3,
55.7, 116, 227,
and 463 ng/L
17B-estradiol
(E2)

Founder fish with
originally mih1
mutation was
crossed out
twice to WT fish
of the TL line
from which the
founder was
generated

fish at NP-100
ug/l were
observed to have
ovatestes at 60
dph

e Volume of milt
released from
spermiating male
fish significantly
lower in the
intersex fish than
in the reference
males

e Most fish that did
not spermiate
had testes that
were clearly
immature

® |n males exposed
to 463 ng/l, a few
oocytes were
observed in
testis, and
testicular tissue
almost
completely
replaced by
connective tissue

e Accompanied by
presence of
macroscopic
atrophy and
degenerated
spermatozoa and
spermatocytes
suggest a lack of
spermatogenesis

e Significant
decrease in
weight of
spermatids and
spermatozoa);
some
spermatozoa
were visible in
testes of all
mutant fish

® Increased
number and
proportion of
spermatogenic
stages prior to
spermatids
compared to WT

® [ncrease in

AOP323

e Significant

decrease in
hatch and
swim-up
success
observed with
EE2 and 100
pg NP/L

Fertilization Yes Yes Jobling et
rate al., 2002
significantly

reduced when

sperm from

intersex males

used to fertilize

eggs collected

from females

Both proportion

of fertilized

embryos

reaching eyed

stage and

hatching

success

decreased with

increased

feminization

Total number of Yes Yes
egg spawned

and fertility

significantly

reduced at 463

ng/l E2

compared to

the control

Kang et
al., 2002

Leal et
al., 2008

Reduced Yes Yes
fertilization
rates under
standard
breeding
conditions
(0.4%)

Eggs fertilized
from mutant
sperm were
malformed and
and aneuploid

Embryo viability
was determined
after 24 h
(fertilization
success), at
eyed stage and
at swim-up stage
(hatching
success)

Mlh1 is a
member of DNA
mismatch repair
machinery and
essential for
stabilization of
crossovers
during first
meiotic division
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Zebrafish 3-month-old male
fish exposed to
10 ug/L of DEHP

for 3 months

(Danio rerio)

3-month-old male
fish exposed to
30 ug/L of DEHP
for 3 months

3-month-old male
fish exposed to
100 ug/L of
DEHP for 3
months

Zebrafish Multi-
generational
study to 0.5, 5
and 50 ng/L
ethynylestradiol
(EE2) or 5 ng/L
17B-estradiol
(E2)

(Danio rerio)

Biological Plausibility

apoptotic cells

No effect

No effect

Percent of
spermatocytes
increased
significantly by
27.4%
Significant
decrease of
32.2% in
spermatids

None of the F

males exposed to
5 ng/L EE2 had
normal testes;
43% had gonads
not fully
differentiated

AOP323

o No effect

e Concentration-
dependent
decrease in
fertilization rate

® Significant
decrease in
fertilization rate
by 22%
compared to
the control

e Time-related
decrease in egg
production and
egg viability 14
hpf in Fo
generation at
50 ng/L EE2
and no survival
of F1 100 hpf;
no eggs
produced after
10 d exposure

® Exposure to 5
ng/L EE2 in the
F{ caused a
56% reduction
in fecundity and
no survival past
14 hpf

® Proportion of
nonviable eggs
significantly
higher for all
treatments
compared to
control

No No
No No
Yes Yes
Yes Yes

Ma et al., | Semi-static

2018 exposure; half
water renewed
daily and whole
water renewed
weekly; exposed
males mated
with WT females

Nash et

al., 2004

Spermatogenesis is one of the most conserved biological processes from Drosophila to humans (Wu et al., 2016). The process
itself is well understood and gametes produced from spermatogenesis are required for sexual reproduction.

Empirical Evidence

Dose concordance

e When exposed to 50 mg DEHP kg-1 via intraperitoneal injection for 10 days, zebrafish experienced a reduction in the
proportion of spermatozoa present compared to the control group. However, at this exposure concentration there was no
effect on evidence for decrease in viable offspring. Whereas when exposed to 5000 mg of DEHP kg-1, there was a
significantly lower proportion of spermatozoa and a significant decrease in fertilization success (Uren-Webster et al., 2010).

e When exposed to DEHP for 3 months, zebrafish had a significant decrease in spermatids and increase in spermatocytes at
the highest exposure concentration (100 ug/L) and no effect at the lowest exposure concentration (10 ug/L) (Ma et al. 2018)

Table 1B - Concordance table [authors O-Z] (full table as PDF)
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Species Experimental Evidence of Impaired Evidence of IS VOD Citation | Notes
design Spermatogenesis (IS) | Viable Offspring, | observed? | observed?
Decreased (VOD)
Zebrafish Targeted genetic Reduced sperm o Infertile Yes Yes Oakes | fdx1bis an
disruption of fdx1b count compared under etal., electron- providing
(Danio rerio) | using a TALEN to control standard 2019 cofactor for
approach (p=0.0097%) breeding steroidogenic
Promale sox9a despite cytochrome P450
downregulated being able to
Spermatogenic cause
genes igf3 and spawning of
insl3 eggs (0%
downregulated fertilization)
Zebrafish e ENU Post meiotic e Decreased Yes Yes Saito et | ENU= N-ethyl-N-
o mutagenesis germ cells fertilization al., 2011 | nitrosourea
(Danio rerio) screen to find absent at 3 rates in cells
mutations that months age from mutant
lead to defects (found aberrant testes (<2%
in germ cells vs 41.9-65.8
gonadogenesis instead) in WT)
e 3 mutants Only e Only 1
focused on spermatogonia mutant
(its, isa, imo) and primary embryo
spermatocytes survived at 1
were present; no dpf
spermatids or compared to
sperm observed nearly 100%
in WT
Zebrafish hsf5 mutants Loss of e No viable Yes Yes Saju et | Heat shock protein
obtained by spermatozoa offspring al., 2018 |5
(Danio rerio) | CRISPR/Cas9 along with when
technology targeting increase in mutants
exon2 primary were
spermatocytes crossed with
compared to WT any types of
Decrease in females
sperm count and o |ethality of
sperm motility embryos via
Altered in vitro
morphology fertilization
(microtubule with WT
arrangement, females
flagellar (before 1
axoneme, sperm dpf)
heads)
Medaka Mature fish exposed Testicular tissue e Significant Yes Yes Seki et
) to composed of decrease in al., 2002
(OQ/Z/as abnormally fecundity
latipes) 32.6, 63.9, 116, developed observed at
261, and 488 ng connective 448 ng/L
ethinylestradiol tissue, with only
(EE2)/L for 21 d a few sper-
under flow-through matozoa and
conditions spermatocytes
compared to
control
Zebrafish e armutant line Upregulation of ® Reduced in Yes Yes Tang et | Androgen receptor
(Danio rerio) generated amh and gsdf vitro al.,
using TALENs Downregulation fertilization 2018

igf3

rate < 20%
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Mice

Zebrafish

(Danio rerio)

Mice

(C57BL/6)

o mPClI deficient
mice

Adult males exposed
to 0.5 mg DEHP kg-1
(body weight) for 10
days via
intraperitoneal
injection

Adult males exposed
to 50 mg DEHP kg-1
for 10 days via
intraperitoneal
injection

Adult males exposed
to 5000 mg DEHP
kg-1 for 10 days via
intraperitoneal
injection

BRD7-deficient mice

Reduced number
of sperm
Reduction in
number of germ
cells observed in
AR mutant fish
Increased
proportion of pre-
spermatids
sperm cells
Small amount of
mature
spermatozoon
still present in
mutants

Morphologically
abnormal sperm
(lacked tails and
were
degenerated)
Reduced motility
(12.5%)
compared to
control (51.5%)
Apoptotic
spermatocytes
likely due to
destruction of
Sertoli cells

No effect

Significantly
lower proportion
of spermatozoa
and a
significantly
greater
proportion of
spermatocytes

Significantly
lower proportion
of spermatozoa
and a
significantly
greater
proportion of
spermatocytes

Irregular head
shape
Deformed
acrosome
Post-meiotic
development of
elongating
spermatids
disrupted

AOP323

with WT
female

® Reduced in
vivo
fertilization
rate (0.5%)
vs control
(94%) with
WT females

o No effect

o No effect

e Significant
decrease in
fertilization
success of
males,
especially
during the
second 5-
day period of
exposure

o WT female
mice
coupled with
homozygous
mutant
males did
not produce

any pups

Yes

No

Yes

Yes

Yes

Yes Uhrin et

al., 2000

No Uren-
Webster
etal.,
2010

No

Yes

Yes Wang et

al., 2016

e PCI - present
in seminal
plasma;
inhibitor of
activated
protein C and
a variety of
proteases

DEHP is phthalate
which is a
plasticizer in many
mass-produced
products

e BRD7is a
bromodomain
gene that
inhibits cell
growth and
cell cycle
progression
and is a co-
factor for p53
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Zebrafish

(Danio rerio)

Zebrafish

(Danio rerio)

Marine
medaka
(Oryzias

melastigma)

mettl3 mutant fish
generated using
TALENSs

CRISPR/Cas9 gene
targeting of E2f5

0.1 mg/L of DEHP
for 6 months from
larval stage

Abnormal
morphology and
degeneration of
spermatids
Increased
proportion of
abnormal
spermatids
Downregulation
of various
spermatogenic
markers

Significantly
increased
proportions of
spermatogonia
(24.4% vs 7.5%
in WT) and
spermatocytes
(56.1% vs 26.7%
in WT)
Significantly
decreased
proportion of
spermatozoa
(10.4% vs 50.1%
in WT)

Very little or no
mature sperm
Sperm motility
significantly
reduced (average
path velocity,
curvilinear
velocity, and
straight-line
velocity)

Reduced number
of spermatozoa
compared to WT
Increased % of
spermatocytes
at leptotene and
zygotene stages
compared to WT
Suggests arrest
of
spermatogenesis
at zygotene
stage; later
stages rarely
observed
Increased germ
cell apoptosis

Contained
mostly
spermatocytes
(Sp) and
spermatids (Sd)
with few
spermatozoa
especially in this
treatment

AOP323

e Decreased
fertilization
rate (48.8.%
vs 91.4% in
WT)

® 8.1% of
mutant male
x WT female
spawned
successfully
vs 94.4% in
WT

® Decreased
fertilization
rates (3% vs
94% in WT)
under
standard
breeding
conditions

e Significant
decrease in
fecundity
compared to
control
(21.78 vs
29.89
eggs/f/d)

e Significant
decrease in

Yes

Yes

Yes

Yes

Yes

Yes

Xia et
al.,
2018

Xie et
al., 2020

Ye et
al.,
2014

o BRD7 has
high
expression in
mice testes

MELtI3 -
multicomponent
methyltransferase
complex

E2f5is a
transcriptional
repressor during
cell-cycle
progression

DEHP - phthalate

MEHP - active
metabolite of
DEHP; fertilization
success defined as
proportion of
fertilized eggs
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0.5 mg/L of DEHP
for 6 months from
larval stage

0.1 mg/L of MEHP
for 6 months from
larval stage

0.5 mg/L of MEHP
for 6 months from
larval stage

e Contained
mostly Sp and
Sd with few
spermatozoa

e Contained
mostly Sp and
Sd with few
spermatozoa

e Contained
mostly Sp and
Sd with few
spermatozoa

AOP323

fertilization
success
(84.12 vs
94.21%)

Significant Yes
decrease in
fecundity
compared to
control
(20.44 vs
29.89
eggs/f/d)
Significant
decrease in
fertilization
success
(81.61 vs
94.21%)

Significant Yes
decrease in
fertilization

success Vs

control

(87.46% vs

94.21%)

Significant Yes
decrease in
fertilization
success Vs

Yes

Yes

Yes

control
(82.16% vs
94.21%)

Uncertainties and Inconsistencies

e When exposed to 10 and 100 ng/L of EE2 for 62 days leading to spawning, rainbow trout exhibited an increase in sperm
density, concentration, and spermatocrit and decrease in GSI but overall there were no significant changes to
spermatogenesis. Despite this, there was a decrease in viability of embryos (Schultz et al., 2003).

e Two-generation zebrafish study with 1 nM bisphenol A (BPA) showed a significant decrease in sperm density along with
decreased sperm quality, however, no significant different in egg fertilization (Chen et al., 2015).

e There are multiple other factors involved in producing viable offspring, including but not limited to oocyte maturation and
ovulation, development including successful organogenesis, and adequate nutrition.

Quantitative Understanding of the Linkage

Response-response relationship
Empirical response-response data is very limited; thus, the response-response relationship has not yet been evaluated.

Time-scale

e The duration of spermatogenesis in humans is reported to be 74 days (Griswold, M.D, 2016). Consequently, effects on
spermatogenesis may not manifest as observable impacts on fertility until perhaps 74 days after impacts on spermatogenesis
began. This may vary depending on the stage(s) of spermatogenesis that are impacted by the stressor.

e The duration of the meiotic and spermiogenic phases in zebrafish is reported to be 6 days which means there could be a
delay of at least 6 days before signs of impaired fertility and downstream effects may be detected (Leal et al., 2009).

Known Feedforward/Feedback loops influencing this KER

Feedforward/feedback loops haven’t been evaluated yet. However, given that that oocyte fertilization and production of viable
offspring are external to the male it seems unlikely there would feedback that impacts spermatogenesis.
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Relationship: 2938: Decreased, Viable Offspring leads to Decrease, Population growth rate

AOPs Referencing Relationship

. Weight of Quantitative
AOP Name Adjacenc
I y Evidence Understanding
PPARalpha Agonism Leading to Decreased Viable Offspring via Decreased .
adjacent Moderate Low

11-Ketotestosterone

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links

teleost fish teleost fish NCBI
Life Stage Applicability
Life Stage Evidence

All life stages
Sex Applicability
Sex Evidence

Unspecific

Key Event Relationship Description

Population growth rate which measures the per capita rate of population increase over a time interval is proportional to the instantaneous birth
rate (number of births per individual per unit of time and the instantaneous death rate (number of deaths per individual per unit of time) (Caswell
2001, Miller and Ankley 2004, Gotelli 2008, Vandermeer and Goldberg 2013, Murray and Sandercock 2020). Decreases in viable offspring could
therefore lead to decreased population growth rate, recognizing that other factors (e.g., immigration/emigration, intraspecific and interspecific
competition, predation, disease) influence population growth. Population models could be employed to aide in understanding how changes to
population growth rate result from various levels of decline in recruitment of young of year fish.

Evidence Supporting this KER

There is no empirical data suitable for evaluating the dose-response, temporal, or incidence concordance between a reduction in the number of
viable offspring and decrease in population growth rate. However, population modeling/simulation approaches could be applied in investigating
this KER.

Biological Plausibility

A decrease in population growth rate whereby the per capita rate of population change is negative over time can result from either a decline in
the instantaneous birth rate and/or an increasein the instantaneous death rate (Caswell 2001, Miller and Ankley 2004, Gotelli 2008, Vandermeer
and Goldberg 2013, Murray and Sandercock 2020). While the number of eggs produced by female fish would not be directly impacted, impaired
spermatogenesis in male fish that results in decreased oocyte fertilization and/or a reduction in viable offspring would reduce the population
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growth rate over time as fewer eggs on average would survive to become young of year fish. Thus, the reproductive potential of female fish
adjusted for the inability of fertilized eggs to progress and hatch into viable offspring would be expected to result in a decline in recruitment and
contribution of offspring to the next generation (a decline in net reproductive rate) (Caswell 2001, Gotelli 2008, Vandermeer and Goldberg 2013).

Empirical Evidence
There is very limited empirical data for this KER; thus, evidence is based on biological plausibility and population models.
Uncertainties and Inconsistencies

There is limited empirical data for this KER. Population models are often parameterized based on information from a single species. Studies at
the population level rely upon observation and estimation of a number of species-specific variables that influence population growth rate (e.g.
age or stage specific estimates of survival and fecundity), each of which has an associated uncertainty. There are also uncertainties in
extending the population model (extrapolation of model predictions) to be applicable to other species.

Quantitative Understanding of the Linkage

Response-response relationship

Decreased oocyte fertilization and/or a reduction in viable offspring would result in reduced survival of eggs to become young of year fish. This
in turn would result in a lower population growth rate over time.

Time-scale

The time-scale at which decrease in viable offspring would impact population levels is dependent on a species life cycle, with the potential for
impacts in the short term (i.e. days or weeks) for short-lived species and much longer (years) for long-lived species.

References

Caswell H. 2001. Matrix Population Models. Sinauer Associates, Inc., Sunderland, MA, USA.

Galic N, Hommen U, Baveco JM, van den Brink PJ (2010) Potential application of population models in the European ecological risk
assessment of chemicals. |l. Review of models and their potential to address environmental protection aims. Integr Environ Assess Manag
6:338-360.

Gotelli NJ. 2008. A Primer of Ecology. Sinauer Associates, Inc., Sunderland, MA, USA.

Miller DH, Ankley GT. 2004. Modeling impacts on populations: Fathead minnow (Pimephales promelas) exposure to the endocrine disruptor
17b-trenbolone as a case study. Ecotox Environ Saf 59:1-9.

Mittelbach GG, McGill BJ (2019) Community ecology. Oxford University Press, Oxford.
Murray DL, Sandercock BK. 2020. Population ecology in practice. Wiley-Blackwell, Oxford UK, 448 pp.

Vandermeer JH, Goldberg DE. 2013. Population ecology: first principles. Princeton University Press, Princeton, NJ USA.

54/54



	AOP ID and Title:
	Graphical Representation
	Authors
	Status
	Abstract
	Background

	Summary of the AOP
	Events
	Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)
	Key Event Relationships
	Stressors

	Overall Assessment of the AOP
	Domain of Applicability
	Essentiality of the Key Events
	Weight of Evidence Summary
	Quantitative Consideration

	Considerations for Potential Applications of the AOP (optional)
	References
	Appendix 1
	List of MIEs in this AOP
	Event: 227: Activation, PPARα
	Short Name: Activation, PPARα

	Key Event Component
	AOPs Including This Key Event
	Stressors
	Biological Context
	Cell term
	Organ term

	Evidence for Perturbation by Stressor
	Overview for Molecular Initiating Event
	Domain of Applicability
	Key Event Description
	How it is Measured or Detected
	References

	List of Key Events in the AOP
	Event: 807: Decreased, cholesterol
	Short Name: Decreased, cholesterol

	Key Event Component
	AOPs Including This Key Event
	Stressors
	Biological Context
	Organ term

	Evidence for Perturbation by Stressor
	Gemfibrozil
	Bezafibrate
	Clofibrate
	Fenofibrate
	Atorvastatin
	Simvastatin
	Domain of Applicability
	Key Event Description
	How it is Measured or Detected
	References
	Event: 1756: Decreased, plasma 11-ketotestosterone level
	Short Name: Decreased, 11KT

	Key Event Component
	AOPs Including This Key Event
	Stressors
	Biological Context
	Organ term

	Evidence for Perturbation by Stressor
	beta-Sitosterol
	Bezafibrate
	Gemfibrozil
	Bis(2-ethylhexyl) phthalate
	Cypermethrin
	Carbamazepine
	Domain of Applicability
	Key Event Description
	How it is Measured or Detected
	References
	Event: 1758: Impaired, Spermatogenesis
	Short Name: Impaired, Spermatogenesis

	Key Event Component
	AOPs Including This Key Event
	Stressors
	Biological Context
	Organ term

	Evidence for Perturbation by Stressor
	Flutamide
	Vinclozolin
	Bis(2-ethylhexyl) phthalate
	Domain of Applicability
	Key Event Description
	How it is Measured or Detected
	References

	List of Adverse Outcomes in this AOP
	Event: 2147: Decreased, Viable Offspring
	Short Name: Decreased, Viable Offspring

	Key Event Component
	AOPs Including This Key Event
	Biological Context
	Domain of Applicability
	Key Event Description
	How it is Measured or Detected
	Event: 360: Decrease, Population growth rate
	Short Name: Decrease, Population growth rate

	Key Event Component
	AOPs Including This Key Event
	Biological Context
	Domain of Applicability
	Key Event Description
	How it is Measured or Detected
	Regulatory Significance of the AO
	References


	Appendix 2
	List of Key Event Relationships in the AOP
	List of Adjacent Key Event Relationships
	Relationship: 2073: Activation, PPARα leads to Decreased, cholesterol
	AOPs Referencing Relationship
	Evidence Supporting Applicability of this Relationship
	Key Event Relationship Description
	Evidence Supporting this KER
	Quantitative Understanding of the Linkage
	References
	Relationship: 2072: Decreased, cholesterol leads to Decreased, 11KT
	AOPs Referencing Relationship
	Evidence Supporting Applicability of this Relationship
	Key Event Relationship Description
	Evidence Supporting this KER

	Dose Concordance
	Temporal Concordance
	Incidence Concordance
	Quantitative Understanding of the Linkage
	References
	Relationship: 2076: Decreased, 11KT leads to Impaired, Spermatogenesis
	AOPs Referencing Relationship
	Evidence Supporting Applicability of this Relationship
	Key Event Relationship Description
	Evidence Supporting this KER
	Quantitative Understanding of the Linkage
	References
	Relationship: 2937: Impaired, Spermatogenesis leads to Decreased, Viable Offspring
	AOPs Referencing Relationship
	Evidence Supporting Applicability of this Relationship
	Key Event Relationship Description
	Evidence Supporting this KER
	Quantitative Understanding of the Linkage
	References
	Relationship: 2938: Decreased, Viable Offspring leads to Decrease, Population growth rate
	AOPs Referencing Relationship
	Evidence Supporting Applicability of this Relationship
	Key Event Relationship Description
	Evidence Supporting this KER
	Quantitative Understanding of the Linkage
	References



