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Foreword

This Adverse Outcome Pathway (AOP) on Aryl hydrocarbon receptor activation leading
to early life stage mortality, via reduced VEGF, has been developed under the auspices of
the OECD AOP Development Programme, overseen by the Extended Advisory Group on
Molecular Screening and Toxicogenomics (EAGMST), which is an advisory group under
the Working Group of the National Coordinators for the Test Guidelines Programme
(WNT). The AOP has been reviewed internally by the EAGMST, externally by experts
nominated by the WNT, and has been endorsed by the WNT and the Working Party on
Hazard Assessment (WPHA) in May 2019.

Through endorsement of this AOP, the WNT and the WPHA express confidence in the
scientific review process that the AOP has undergone and accept the recommendation of
the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily
indicate that the AOP is now considered a tool for direct regulatory application.

The Joint Meeting of the Chemicals Committee and the Working Party on Chemicals,
Pesticides and Biotechnology agreed to declassification of this AOP on 26 June 2019.

This document is being published under the responsibility of the Joint Meeting of the
Chemicals Committee and the Working Party on Chemicals, Pesticides and Biotechnology.

The outcome of the internal and external reviews are publicly available respectively in the
AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the following links:
[internal review] [external review].



https://aopwiki.org/
http://aopkb.org/
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Abstract

Interference with endogenous developmental processes that are regulated by the aryl
hydrocarbon receptor (AHR), through sustained exogenous activation, causes molecular,
structural, and functional cardiac abnormalities in avian, mammalian and piscine embryos;
this cardiotoxicity ultimately leads to severe oedema and embryo death in birds and fish
and some strains of rat (Carney et al. 2006; Huuskonen et al. 1994; Kopf and Walker 2009).
There have been numerous proposed mechanisms of action for this toxicity profile, many
of which include the dysregulation of vascular endothelial growth factor (VEGF) as a key
event, as it is essential for normal vasculogenesis and therefore cardiogenesis (Ivnitski-
Steele and Walker 2005). This AOP describes the indirect suppression of VEGF expression
through the sequestration of the aryl hydrocarbon receptor nuclear translocator (ARNT) by
AHR. ARNT is common dimerization partner for both AHR and hypoxia inducible factor
alpha (HIF-1a), which stimulates angiogenesis through the transcriptional regulation of
VEGF (Ivnitski-Steele and Walker 2005). There is considerable cross talk between these
two signaling pathways (AHR and HIF-1a), leading to the hypothesis that AHR activation
leads to sustained AHR/ARNT dimerization and reduced HIF-1a/ARNT dimerization,
preventing the adequate transcription of essential angiogenic factors, such as VEGF. The
suppression of VEGF thereby reduces cardiomyocyte and endothelial cell proliferation,
altering cardiovascular morphology and reducing cardiac output, which ultimately leads to
congestive heart failure and death (Lanham et al. 2014).

The biological plausibility of this AOP is strong, and there is significant evidence in the
literature to support it; however, there exist some contradictory data regarding the effect of
AHR on VEGF, which seem highly dependent on tissue type and life stage. There are also
multiple targets of AHR activation, such as the COX-2 signaling pathway, that could
potentially interact. Thus, other possible AOPs (ex. AOP 21) have also been proposed.
These contradictions and alternate pathways are discussed below. The quantitative
understanding of individual key even relationships (KERS) in this AOP is weak; however,
there is a strong correlation between the molecular initiating event (MIE: AHR activation)
and adverse outcome (AO: embryolethality), and a quantitative relationship is described
for birds.



https://aopwiki.org/aops/21

Background

In 1957, millions of broiler chickens died due to a mysterious chick oedema disease
characterized by pericardial, subcutaneous and peritoneal oedema (SCHMITTLE et al.
1958). This disease was later ascribed to the ingestion of feed contaminated with
halogenated aromatic hydrocarbons (HAHS), including 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) (Higginbotham et al. 1968; Metcalfe 1972). It has since become evident
that TCDD is a prototypical agonist of the AHR: a transcription factor that modulates the
expression of a vast array of genes involved in endogenous development and physiological
responses to exogenous chemicals (Denison et al. 2011). A general study in the 1980°s
found that mothers exposed to herbicides during pregnancy had a 2.8-fold increase in risk
of having a baby with congenital cardiovascular malformations (Loffredo et al. 2001).
Epidemiological studies have correlated long-term TCDD exposure with ischemic heart
disease (Bertazzi et al. 1998; Flesch-Janys et al. 1995); interestingly, and consistent with
this AOP, sectioned and stained heart samples from patients with this disease lack
epicardial cells (Di et al. 2010). Mammalian studies have confirmed that in utero exposure
to TCDD increases susceptibility to cardiovascular dysfunction in adulthood (Aragon et al.
2008; Thackaberry et al. 2005b). The developing heart is highly dependent on oxygen
saturation levels; somewhat counterintuitively, a state of hypoxia (relative to adult oxygen
tension) drives normal formation and maturation. Deviation from this optimal oxygen level,
either above or below normal, hinders myocardial and endothelial development, altering
coronary artery connections, ventricle wall thickness and chamber formation (Patterson and
Zhang 2010; Wikenheiser et al. 2009). Interestingly, AHR activation (by TCDD),
inhibition, and knockdown significantly inhibited the formation of contractile
cardiomyocyte nodes during spontaneous differentiation of embryonic stem cells into
cardiomyocytes (in vitro) (Wang et al. 2013), indicating that AHR also has an optimal
window of expression for normal cardiogenesis. TCDD significantly reduces the degree of
myocardial hypoxia that normally occurs during myocyte proliferation and ventricular wall
thickening in the developing embryo (lvnitski-Steele et al. 2004; Lee et al. 2001). This
reduction in hypoxia is associated with reduced expression of both HIF-1land the VEGF
splice variant, VEGF166 mRNA, which is one of the primary VEGF variants required to
mediate coronary vascularization (lvnitski-Steele et al. 2004). Therefore, it is biologically
plausible that sustained AHR activation sequesters ARNT from HIF-1a impairing hypoxia
stimulated coronary angiogenesis.
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Events

Summary of the AQP

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Sequence Type
1 MIE
2 KE

3 KE

4 KE

5 KE

6 KE

7 AO

Event
ID

18
944
945

948
110

317

947

Title

Activation, AhR
dimerization, AHR/ARNT
reduced dimerization,

ARNT/HIF1-alpha
reduced production, VEGF

Impairment, Endothelial
network
Altered, Cardiovascular

development/function
Increase, Early Life Stage
Mortality

Short name

Activation, AhR
dimerization, AHR/ARNT
reduced dimerization,
ARNT/HIF1-alpha

reduced production, VEGF

Impairment,  Endothelial
network
Altered, Cardiovascular

development/function
Increase, Early Life Stage
Mortality

Key Event Relationships

Upstream Event

Activation, AhR

dimerization
AHR/ARNT

reduced dimerization,
ARNT/HIF1-alpha

reduced production,
VEGF

Impairment,
Endothelial network

Altered
Cardiovascular
development/function

Activation, AhR

Relationship Downstream Event

Type
adjacent

adjacent

adjacent

adjacent

adjacent

adjacent

non-adjacent

dimerization,
AHR/ARNT

reduced dimerization,
ARNT/HIF1-alpha

reduced production,
VEGF

Impairment,
Endothelial network

Altered,
Cardiovascular
development/function

Increase, Early Life
Stage Mortality

Increase, Early Life
Stage Mortality

Evidence Quantitative
Understanding

High Moderate
Moderate Low

Moderate Moderate

High Low

Moderate Low

High Low

High Moderate
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Stressors
Name Evidence
Polychlorinated biphenyl High
Polychlorinated dibenzodioxins High
Polychlorinated dibenzofurans High

Polychlorinated biphenyl

Certain polychlorinated biphenyl (PCB) congeners are potent AHR agonists, and lead to
dioxin-like cardiotoxicity in birds (Carro et al. 2013a; Carro et al. 2013b; Brunstrom, B.
1989; Rifkind et al. 1984) and fish (Clark et al. 2010; Olufsen and Arukwe 2011; Grimes
et al. 2008). Furthermore, PCB contamination in wild avian species has been correlated
with altered heart size and morphology (DeWitt et al. 2006; Henshel and Sparks 2006).

Of the dioxin-like PCBs, non-ortho congeners are the most toxicologically active, while
mono-ortho PCBs are generally less potent (McFarland and Clarke 1989; Safe 1994).
Chlorine substitution at ortho positions increases the energetic costs of assuming the
coplanar conformation required for binding to the AHR (McFarland and Clarke 1989).
Thus, a smaller proportion of mono-ortho PCB molecules are able to bind to the AHR and
elicit toxic effects, resulting in reduced potency of these congeners. Other PCB congeners,
such as di-ortho substituted PCBs, are very weak AHR agonists and do not likely contribute
to dioxin-like effects (Safe 1994).
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(2008) PCB126 exposure disrupts zebrafish ventricular and branchial but not early neural
crest development Toxicol. Sci., 106, pp. 193-205
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S. (2006). External heart deformities in passerine birds exposed to environmental mixtures
of polychlorinated biphenyls during development. Environ.Toxicol.Chem. 25, 541-551.
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McFarland, V. A., and Clarke, J. U. (1989). Environmental occurrence, abundance, and
potential toxicity of polychlorinated biphenyl congeners: Considerations for a congener-
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Polychlorinated dibenzodioxins

Polychlorinated dibenzo-p-dioxins (PCDDs), which includes 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), represent some of the most potent AHR ligands (Denison et al. 2011).

When screened for their ability to induce aryl hydrocarbon hydroxylase activity, an indirect
measurement of AHR activation, dioxins with chlorine atoms at a minimum of three out of
the four lateral ring positions, and with at least one non-chlorinated ring position are the
most active (Poland and Glover 1973).

Until recently, TCDD was considered to be the most potent dioxin-like compound (DLC)
(van den Berg et al. 1998); however, recent reports indicate that 2,3,4,7,8-
pentachlorodibenzofuran (PeCDF) is more potent than TCDD in some species of birds
(Cohen-Barnhouse et al. 2011; Farmahin et al. 2013; Hervé et al. 2010)

TCDD induced cardiotoxicity in developing chick (Heid et al. 2001; Walker et al. 1997;
Walker and Catron 2000) and zebrafish (Antkiewicz et al. 2005; Belair et al. 2001; Henry
et al. 1997; Plavicki et al. 2013) embryos.

Kopf and Walker (2009) provide a concise overview of DLC induced heart defects in fish,
birds and mammals.
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Polychlorinated dibenzofurans

Polychlorinated dibenzofurans (PCDFs) are potent AHR ligands (Denison et al. 2011).
Recent reports indicate that 2,3,4,7,8-pentachlorodibenzofuran is more potent than TCDD,
the prototypical AHR ligand, in some species of birds (Cohen-Barnhouse et al. 2011;
Farmahin et al. 2013; Hervé et al. 2010). 2,3,7,8-tetrachlorodibenzofuran and 2,3,4,7,8-
pentachlorodibenzofuran have been shown to induce cardiotoxicity in chicken embryos
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(Heid et al. 2001). Variouse PCDF congener were shown to cause early life-stage mortality
in ranbow trout (Walker and Peterson 1995; Walker et al. 1997).
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Overall Assessment of the AOP

Domain of Applicability

Life Stage Applicability

Life Stage Evidence
Embryo High

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
zebrafish Danio rerio High NCBI
mouse Mus musculus Low NCBI
Rattus norvegicus Rattus norvegicus Low NCBI

Sex Applicability

Sex Evidence
Male High
Female High

Life Stage Applicability, Taxonomic Applicability, Sex Applicability
Elaborate on the domains of applicability listed in the summary section above.
Specifically, provide the literature supporting, or excluding, certain domains.

Life Stage Applicability: Exposure must occur early in embryo development in utero
(mammals) or in ovo (birds and fish). Mammalian studies often dose between gestational
days 14.5 and 17.5 as it represents a developmental window of cardiomyocyte proliferation
(Kopf and Walker 2009). Cardiotoxicity has been observed in birds dosed on day zero or
day 5 of incubation (Ivnitski-Steele et al. 2005; Walker et al. 1997). Zebrafish seem to have
a particular sensitive window of cardio-development between 48 hours-post-fertilization
(hpf) and 5 days pf, and become resistant to AHR-mediated cardiotoxicity if exposed after
epicardium formation is complete (2 weeks pf) (Plavicki et al. 2013).

Taxonomic Applicability: Early embryonic exposure to AHR-agonists in mice causes
cardiotoxicity that persists into adulthood, increasing susceptibility to heart disease
(Thackaberry et al. 2005b) and can increased resorptions and late stage fetal death with
oedema in certain strains of rat (Huuskonen et al. 1994). AHR-agonists also cause
cadivascular malformations in birds and fish, and the resulting reduction in cardiac output
is fatal (Kopf and Walker 2009).

Therefore, this AOP is most strongly applicable to birds and fish. Although strong AHR
agonists cause foetal mortality in mice and rats (Kawakami et al. 2005; Hassoun et al. 1997;
Sparschu et al. 1970; Debdas Mukerjee 1998), cardiac malformation is rarely cited as a


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
https://aopwiki.org/aopwiki/snapshot/html_file/150-2018-12-03T20:36:00+00:00.html#Life_Stage_Applicability
https://aopwiki.org/aopwiki/snapshot/html_file/150-2018-12-03T20:36:00+00:00.html#Taxonomic_Applicability
https://aopwiki.org/aopwiki/snapshot/html_file/150-2018-12-03T20:36:00+00:00.html#Sex_Applicability

cause of death. It appears that AHR-mediated effects on cardiaovascular development in
mammals more frequently lead to long-term functional deficiencies rather than foetal
death.

Sex applicability: Embryonic dysfunction is equally robust in males and females, but adult
abnormalities of mice exposed in utero are more prevalent in females (Carreira et al. 2015)

Essentiality of the Key Events

Molecular Initiating Event Summary, Key Event Summary

Provide an overall assessment of the essentiality for the key events in the AOP. Support
calls for individual key events can be included in the molecular initiating event, key event,
and adverse outcome tables above.

Molecular initiating event: AHR activation (Essentiality = Strong)

Zebrafish AHR2 morphants (transient knock-out of function) are protected against reduced
blood flow, pericardial oedema, erythrocyte maturation, and common cardinal vein
migration (Bello et al. 2004; Carney et al. 2004; Prasch et al. 2003; Teraoka et al. 2003)

AHR2-/- zebrafish mutants were protected against TCDD toxicity, including pericardial
oedema and epicardium development (Goodale et al. 2012; Plavicki et al. 2013)

AHR activation specifically within cardiomyocytes accounts for heart failure (cardiac
malformations, loss of circulation, pericardial oedema) induced by TCDD as well as non-
cardiac toxicity (swim bladder inflation and craniofacial defects) in zebrafish (Lanham et
al. 2014).

AHR-null mice have impaired angiogenesis in vivo: endothelial cells failed to branch and
form tube-like structures (Roman et al. 2009).

Ischemia-induced angiogenesis was markedly enhanced in AHR-null mice compared with
that in wild-type animals (Ichihara et al. 2007)

Key Event 1: AHR/ARNT dimerization (Essentiality = Strong)

ARNT1 is essential for normal vascular and hematopoietic development (Abbott and
Buckalew 2000; Kozak et al. 1997; Maltepe et al. 1997)

zfarnt2-/- mutation is larval lethal, and the mutants have enlarged heart ventricles and an
increased incidence of cardiac arrhythmia (Hill et al. 2009)

ARNT1 morpholono knock-down protected against pericardial oedema and reduced blood
flow in zebrafish (Prasch et al. 2006)

ARNT overexpression rescued cells from the inhibitory effect of hypoxia on AHR-
mediated luciferase reporter activity; therefore, the mechanism of interference of the
signaling cross-talk between AHR and hypoxia pathways is at least partially dependent on
ARNT availability (Vorrink et al. 2014).


https://aopwiki.org/aopwiki/snapshot/html_file/150-2018-12-03T20:36:00+00:00.html#Molecular_Initiating_Event
https://aopwiki.org/aopwiki/snapshot/html_file/150-2018-12-03T20:36:00+00:00.html#Key_Events
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Key Event 2: Reduced HIF10/ARNT dimerization (Essentiality = Moderate)

Both ARNT-/~ and HIFla—/~ mice display embryonic lethality with blocks in
developmental angiogenesis and cardiovascular malformations (lyer et al. 1998; Kozak et
al. 1997; Maltepe et al. 1997; Ryan et al. 1998) demonstrating that signaling through the
HIF-1 pathway is required for normal development of the cardiovascular system.

The myocardium exhibits a reduced oxygen status during the later stages of coronary
vascular development in chick and mouse embryos (Ivnitski-Steele et al. 2004; Lee et al.
2001)

Rearing fish embryos in a hypoxic environment can modify cardiac activity, organ
perfusion, and blood vessel formation (Pelster 2002)

TCDD toxicity in fish resembles defects in hypoxia sensing (Prasch et al. 2004)

Deviation in oxygen levels, below or above normal, during early chick embryogenesis
results in abnormal coronary vasculature (Wikenheiser et al. 2009)

Hypoxia stimulates vasculogenesis and regulates VEGF transcription in vivo and in vitro
(Goldberg and Schneider 1994; Levy et al. 1995; Liu et al. 1995) (Goldberg 1994; LEVY
1995A,; Liu 1995)

Hypoxia stimulus can rescue TCDD inhibition of coronary vascular development in chick
embryos (lvnitski-Steele and Walker 2003)

Key Event 3: Reduced VEGF production (Essentiality = Moderate)

Loss of a single VEGF-A allele in mice results in defective vascularization and early
embryonic lethality (Carmeliet et al. 1996; Ferrara et al. 1996).

Mice lacking VEGF isoforms 164 and 188 exhibit impaired myocardial angiogenesis and
reduced contractility leading to ischemic cardiomyopathy (Carmeliet et al. 1999)

During vasculogenesis, angioblasts are stimulated to proliferate and differentiate into
endothelial cells by VEGF-A (lvnitski-Steele and Walker 2005)

Migration and assembly of epicardial angioblasts into coronary vessels is regulated by
VEGF (Folkman 1992)

Cardiomyocyte-specific knockout of VEGF in mice results in phenotype similar to TCDD
toxicity (thinner ventricular walls, ventricle cavity dilation, and contractile dysfunction)
(Giordano et al. 2001; lvnitski-Steele and Walker 2003)

Exogenous VEGF rescues the inhibitory effect of TCDD on vasculogenesis (Ivnitski-
Steele and Walker 2003)

Key Event 4: Endothelial network impairment (Essentiality = Moderate)

The epicardium is the source of angioblasts, which penetrate into the myocardium,
providing the endothelial and mural cell progenitor populations that eventually form the
entire coronary vasculature (Viragh et al. 1993; Vrancken Peeters et al. 1999)

Sectioned and stained heart samples from patients with ischemic heart disease lack
epicardial cells (Di et al. 2010)



Juvenile mice with induced cardiovascular disease show altered heart morphology and
function, including epithelial dysfunction (Kopf et al. 2008)

In zebrafish, cardiotoxicity coincides with epicardium formation. Cardiotoxicity begins
at 48 hours post fertilization (hpf; start of pre-epicardium formation) and starts to decline
at 5 days post fertilization, which is about the time the initial epicardial cell layer is
complete. Cardiotoxicity disappears at 2 weeks, after epicardium formation is complete.
TCDD prevented the formation of the epicardial cell layer when exposed 4hpf, and blocked
epicardial expansion from the ventricle to the atrium following exposure at 96hpf. These
effects ultimately result in valve malformation, reduced heart size, impaired development
of the bulbus arteriosus, decreased cardiac output, reduced end diastolic volume, decreased
peripheral blood flow, oedema and death (Plavicki et al. 2013).

TCDD reduces human primary umbilical vein endothelial cells basal proliferation by 50%
(Ivnitski-Steele and Walker 2005)

The phenotype observed in chick embryos following TCDD exposure on day zero of
incubation resembles that observed in vertebrate models in which the epicardium fails to
form (lvnitski-Steele and Walker 2005)

Key Event 5: Altered cardiovascular development/ function (Essentiality = Strong)

The most common cause of infant death due to birth defects is congenital cardiovascular
malformation (Kopf and Walker 2009)

A significant reduction in embryo survival was observed in 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) exposed chick embryos, and was associated with heart failure resulting
from altered heart morphology:

o Increased heart width and weight, increased muscle mass, enlarged left ventricle,
thinner left ventricle wall, and increased ventricular trabeculation and ventricular
septal defects (Walker et al. 1997).

Changes in heart morphology consistent with dilated cardiomyopathy (decreased cardiac
output and ventricular cavity expansion) were observed in chick embryos exposed to
TCDD followed by progression to congestive heart failure oedema (Walker and Catron
2000).

Changes in heart morphology and decreases in cardiac output and peripheral blood flow
precede heart failure in Zebrafish (Antkiewicz et al. 2005; Belair et al. 2001; Henry et al.
1997; Plavicki et al. 2013)
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Cardiotoxic effects of strong AHR-agonists

Zebrafish Embryo

Reduced extension of common

cardinal vein

Reduced blood flow
Reduced heart rate
Disrupted erythropoiesis
Decreased heart volume
Pericardial oedema

Overt heart malformations

Chicken Embryo

Enlarged left ventricle
Increased heart rate

Increased myosin content
B-adrenergic

Reduced
responsiveness
Increased ANF mRNA
Arrhythmia

Increased apoptosis
Reduced
proliferation
Pericardial oedema

Overt heart malformations

myocyte

Mouse

Embryo/Fetus

Reduced heart-to-body
weight
Reduced
proliferation
Vascular remodeling

myocyte

21 Days old

Increased heart-to-body
weight

Increased left ventricle
weight

Reduced heart rate
Cardiac hypertrophy
Increased ANF mRNA
Increased risk of heart
disease

ANF= cardiac atrial natriuretic factor; an indicator of cardiac stress. Source: (Kopf and
Walker 2009)
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Weight of Evidence Summary

Key Event Relationship

KER972: Activation,
AhR leads to
dimerization,
AHR/ARNT

KER973: dimerization,
AHR/ARNT leads to
reduced dimerization,
ARNT/HIF1-alpha

KER974: reduced
dimerization,

ARNT/HIF1-alpha leads
to reduced production,

VEGF

KER975: reduced
production, VEGF leads
to Impairment,

Endothelial network

Weight of
Evidence
Is there a
mechanistic
relationship
between  KEup
and KEdown
consistent  with
established
biological
knowledge?

Strong

Moderate

Strong

Strong

Support for Biological Plausibility
Strong: Extensive understanding of the
KER based on previous documentation
and broad acceptance.

Moderate: KER is plausible based on
analogy to accepted Dbiological
relationships, but scientific
understanding is incomplete.

Weak:  Empirical  support  for
association between KEs, but the
structural or functional relationship
between them is not understood.

The mechanism of AHR-mediated
transcriptional  regulation is  well
understood  (Fujii-Kuriyama  and
Kawajiri 2010). ARNT is a necessary
dimerization partner for the
transcriptional activation of AHR
regulated genes (Hoffman et al. 1991;
Poland et al. 1976).

ARNT is common dimerization partner
for both AHR and HIF-1a. Gel-shift and
coimmunoprecipitation  experiments
have shown that the AHR and HIFla
compete for ARNT in vitro, with
approximately  equal  dimerization
efficiencies (Schmidt and Bradfield
1996). A number of studies have shown
a reduced response to hypoxia
following AHR activation (Chan et al.
1999, Seifert et al. 2008, Ivnitski-Steele
et al. 2004), however this effect is
highly tissue specific; in cells where
ARNT is abundant, it does not deplete
due to hypoxia or AHR activation (Chan
et al. 1999; Pollenz et al. 1999)

The transcriptional control of VEGF by
HIF-1 is well understood; The HIF-1
complex binds to the VEGF gene
promoter, recruiting additional
transcriptional factors and initiating
VEGF transcription (Ahluwalia and
Tarnawski 2012; Fong 2009)

The importance of VEGF for
endothelial network formation and
integrity is clear (lvnitski-Steele and
Walker 2005); loss of a single VEGF-A
allele results in defective
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KER976:  Impairment, Moderate
Endothelial network leads
to Altered,

Cardiovascular
development/function

KER1567: Altered, Strong
Cardiovascular
development/function

leads to Increase, Early

Life Stage Mortality

KER984: Activation, Strong
AhR leads to Increase,

Early Life Stage
Mortality

vascularization and early embryonic
lethality (Carmeliet et al. 1996; Ferrara
et al. 1996).

The importance of endothelial cell
migration, proliferation and integrity in
neovascularization and organogenesis is
well documented. Development of
vasculature into highly branched
conduits needs to occur in numerous
sites and in precise patterns to supply
oxygen and nutrients to the rapidly
expanding tissue of the embryo;
aberrant regulation and coordination of
angiogenic signals during development
result in impaired organ development
(Chung and Ferrara 2011; lvnitski-
Steele and Walker 2005). The extent to
which the observed cardiovascular
abnormalities are caused by
deregulation of the underlying
endothelial network remains unclear.
The connection between altered
cardiovascular developement during
embryogenesis, diminished cardiac
output and embryonic death have been
well studied (Thakur et al. 2013; Kopf
and Walker 2009).

Differences in species sensitivity to
dioxin-like compounds have been
associated with differences in the AHR
amino acid sequence in mammals, fish
and birds; the identity of these amino
acids in the AHR ligand binding domain
affects DLC binding affinity, AHR
transactivation and therefore toxicity
(Farmahin et al. 2012; Head et al. 2008;
Karchner et al. 2006; Mimura and Fujii-
Kuriyama 2003; Wirgin et al. 2011).
The predictive ability of an LRG assay
measuring  induction of AHRI1-
mediated gene  expression  was
demonstrated by linear regression
analysis comparing log-transformed
LD50 values obtained from the
literature to log-transformed PC20
values from the LRG assay (Farmahin et
al. 2013; Manning et al. 2012)
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Quantitative Consideration

Summary Table
Provide an overall discussion of the quantitative information available for this AOP.

Support calls for the individual relationships can be included in the Key Event
Relationship table above.

The quantitative understanding of individual KERs in this AOP is weak; however, there is
a strong correlation between the molecular initiating event (MIE: AHR activation) and
adverse outcome (AO: embryolethality) in birds. This relationship is described in detail in
KER984 (Activation, AhR leads to Increase, Early Life Stage Mortality), found in the KER
summary table. In brief, the AHRL1 ligand binding domain (LBD) sequence alone could be
used to predict DLC-induced embryolethality in a given bird species. The identity amino
acids at two key positions within the LBD dictate the binding affinity of xenobiotics and
therefore the strength of induction. AHR-mediated reporter gene induction can be measured
using a luciferase reporter gene assay, the strength of which is correlated to the embryo-
lethal dose of AHR aginists as shown below.
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Figure 1. Linear regression analysis comparing LD50 values with PC20 (logLD50 =
0.79logPC20 + 0.51) values derived from luciferase reporter gene (LRG) assay
concentration-response curves. Open symbols represent LRG data from wild-type chicken,
ring-necked pheasant or Japanese quail AHR1 expression vectors. Closed symbols
represent LRG data from mutant AHR1 (Source: Manning, G. E. et al. (2012). Toxicol.
Appl. Pharmacol. 263(3), 390-399.)

Uncertainties and Inconsistencies

Although crosstalk between AHR and HIF1a clearly exists, the nature of the relationship
is still not clearly defined. It has been suggested that HIF 1o and AHR do not competitively
regulate each other for hetero-dimerization with ARNT, as ARNT is constitutively and
abundantly expressed in cells and does not deplete due to hypoxia or AHR activation (Chan
et al. 1999; Pollenz et al. 1999). In indirect support of this, a mutant zebrafish model
(caAHR-dbd ) expressing an AHR that has lost DNA binding ability, but retains other
functional aspects (such as dimerization and translocation) showed no signs of
cardiotoxicity; this is in contrast to its counterpart (caAHR) in which sever cardiotoxicity
was observed, having the same constitutive AHR expression level (Lanham et al. 2014).


https://aopwiki.org/aopwiki/snapshot/html_file/150-2018-12-03T20:36:00+00:00.html#Relationships_Among_Key_Events_and_the_Adverse_Outcome
https://aopwiki.org/wiki/index.php/File:LRG_Linear_Regression_Avian.jpg
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These results suggest that direct downstream transcription of AHR-regulated genes, not
ARNT sequestration, is essential for cardiotoxicity. However, there is also considerable
evidence demonstrating the inhibition of either AHR or HIF1a by activation of the other
pathway. For example, TCDD inhibited the CoCI2 induction of a hypoxia response element
(HRE) driven promoter and CoCI2 inhibited the TCDD induction of a dioxin response
element (DRE) driven promoter, in Hep3B cells (Chan et al. 1999). TCDD also reduced
HIF 1a nuclear-localized staining in most areas of the heart in chick embryos (Wikenheiser
et al. 2012), reduced the stabilization of HIF1a and HRE-mediated promoter activity in
Hepa 1 cells and reduced hypoxia-mediated reporter gene activity in B-1 cells (Nie et al.
2001), whereas hypoxia inhibited AHR-mediated CYP1AL induction in B-1 and Hepa 1
cells, but not H4IIE-luc (Nie et al. 2001). Some studies have shown that the effect of
hypoxia on AHR mediated pathways is stronger than the reverse (Gassmann et al. 1997;
Gradin et al. 1996; Nie et al. 2001; Prasch et al. 2004), which has been attributed to the
stronger binding affinity of HIF1a to ARNT relative to AHR (Gradin et al. 1996). Contrary
to this pattern, the combined exposure of juvenile orange spotted grouper to benzo[a]pyrine
(BaP; an AHR agonist) and hypoxia, enhanced hypoxia-induced gene expression but did
not alter BaP-induced gene expression (Yu et al. 2008). All in all, it appears the effect of
cross-talk between AHR and HIFla is highly dependent on tissue type and life stage,
leading to seemingly contradictory results and making it difficult to elucidate a mechanism
of action with high confidence.

There is significant evidence suggesting that sustained AHR activation during embryo
development results in reduced cardiac VEGF expression (See KER pages for details);
however, the opposite relationship has also been observed. In human microvascular
endothelial cells, hexachlorobenzene (weak AHR agonist) exposure enhanced VEGF
protein expression and secretion. TCDD induced VEGF-A transcription and production in
retinal tissue of adult mice and in human retinal pigment epithelial cells (Takeuchi et al.
2009) and induced VEGF secretion from human bronchial epithelial cells (adult) (Tsai et
al. 2015). It has been reported that the AHR/ARNT heterodimer binds to estrogen response
elements, with mediation of the estrogen receptor (ER), and activates transcription of
VEGF-A (Ohtake et al. 2003). The potential involvement of AHR in opposing regulatory
cascades (directly inducing VEGF through ER and indirectly suppressing it by ARNT
sequestration) helps explain the conflicting results found in the literature. Further
complicating the picture is the potential for HIF-1-independent regulation of VEGF, as
illustrated in an ARNT-deficient mutant cell line (Hepal C4) in which VEGF expression
was only partially abrogated (Gassmann et al. 1997).

Alternate Pathways

Altered metabolism of the membrane lipid arachidonic acid (AA) by CYP1A enzymes is
another potential mechanism of embryotoxicity. Induction of CYP1A is associated with
increased production of AA epoxides that can lead to cytotoxicity and increased
susceptibility to injury from oxidative stress due to increased production of oxygen radicals
(Toraason et al. 1995). It has been suggested that cyclooxygenase 2 (COX-2) is essential
in this toxic response as TCDD-induced morphological defects and oedema in the heart
were accompanied by COX-2 induction and were prevented with COX-2 inhibitors in fish
(Dong et al. 2010; Teraoka et al. 2008). In chick embryos, TCDD-induced mortality, left
ventricle enlargement and cardiac stress were prevented by selective COX-2 inhibition
(Fujisawa et al. 2014). A non-genomic pathway (ie. ARNT-independent) was suggested as
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a mechanism for the AHR-mediated induction of COX-2 in which ligand-binding causes a
rapid increase in intracellular Ca2+ concentration, activating cytosolic phospholipase A2,
inducing COX-2 expression and resulting in an inflammatory response (Matsumura 2009).
Interestingly, VEGF-A mRNA was up-regulated 2.7-fold by TCDD and was unaffected by
COX-2 inhibition (Fujisawa et al. 2014) Studies investigating the role of CYP1A induction
in mediating vascular toxicity have been contradictory, with some studies demonstrating
that CYP1A mediates vascular toxicity (Cantrell et al. 1996; Dong et al. 2002; Teraoka et
al. 2003), others demonstrating that it does not have an effect (Carney et al. 2004; Hornung
et al. 1999), and some showing it to play a protective role (Billiard et al. 2006; Brown et
al. 2015). Overall, cardiotoxicity is unlikely a downstream effect of CYP1A induction, but
its generation of ROS and therefore oxidative stress likely contributes to the toxicity.
Finally, since AHR has a role in heart development that is independent of exogenous
ligand-mediated activation, it has been suggested that exogenous AHR ligands sequester it
away from its endogenous function (Carreira et al. 2015). Cardiotoxicity may be mediated
by Homeobox protein NKX2-5, an essential cardiogenesis transcription factor, as its
expression was decreased in AHR-null mice.
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Considerations for Potential Applications of the AOP (optional)

This AOP was developed with the intended purpose of chemical screening as well as
ecological risk assessment. There has recently been significant advances in the
understanding of differences in avian sensitivity to AHR agonists, and a similar effort is
underway for fish. Sequencing the AHR ligand binding domain of any bird species (and
potentially fish species) allows for its classification as low, medium or high sensitivity,
which aids in the chemical risk assessment of DLCs and other AHR agonists. There is also
potential use for this AOP in risk management, as minimum allowable environmental levels
can be customized to the sensitivity of the native species in the area under consideration.
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Appendix 1

List of MIEs in this AOP

Event: 18: Activation, AhR
Short Name: Activation, AhR

Key Event Component

Process Object Action
aryl hydrocarbon receptor activity aryl hydrocarbon receptor increased
AOPs Including This Key Event
AOP ID and Name Event Type

Aop:21 - aryl hydrocarbon receptor activation leading to
early life stage mortality, via increased COX-2

Aop:57 - AhR activation leading to hepatic steatosis
Aop:131 - Aryl hydrocarbon receptor activation leading to
uroporphyria

Aop:150 - Aryl hydrocarbon receptor activation leading to
early life stage mortality, via reduced VEGF

MolecularlnitiatingEvent

MolecularlnitiatingEvent
MolecularlnitiatingEvent

MolecularlnitiatingEvent

Stressors

Name

Benzidine

Dibenzo-p-dioxin

Polychlorinated biphenyl

Polychlorinated dibenzofurans
Hexachlorobenzene

Polycyclic aromatic hydrocarbons (PAHS)

Biological Context

Level of Biological Organization
Molecular
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Evidence for Perturbation by Stressor

Overview for Molecular Initiating Event

The AHR can be activated by several structurally diverse chemicals, but binds
preferentially to planar halogenated aromatic hydrocarbons and polycyclic aromatic
hydrocarbons. Dioxin-like compounds (DLCs), which include polychlorinated dibenzo-p-
dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and certain polychlorinated
biphenyls (PCBs), are among the most potent AHR ligands®g., Only a subset of PCDD,
PCDF and PCB congeners has been shown to bind to the AHR and cause toxic effects to
those elicited by TCDD. Until recently, TCDD was considered to be the most potent DLC
in birds®%; however, recent reports indicate that 2,3,4,7,8-pentachlorodibenzofuran
(PeCDF) is more potent than TCDD in some species of birds. 403141212481 \When
screened for their ability to induce aryl hydrocarbon hydroxylase (AHH) activity, dioxins
with chlorine atoms at a minimum of three out of the four lateral ring positions, and with
at least one non-chlorinated ring position are the most active®, Of the dioxin-like PCBs,
non-ortho congeners are the most toxicologically active, while mono-ortho PCBs are
generally less potent®sI®l, Chlorine substitution at ortho positions increases the energetic
costs of assuming the coplanar conformation required for binding to the AHR 51, Thus, a
smaller proportion of mono-ortho PCB molecules are able to bind to the AHR and elicit
toxic effects, resulting in reduced potency of these congeners. Other PCB congeners, such
as di-ortho substituted PCBs, are very weak AHR agonists and do not likely contribute to
dioxin-like effects .,

o Contrary to studies of birds and mammals, even the most potent mono-ortho PCBs
bind to AhRs of fishes with very low affinity, if at all (Abnet et al 1999; Doering et al
2014; 2015; Eisner et al 2016; Van den Berg et al 1998).

The role of the AHR in mediating the toxic effects of planar hydrophobic contaminants has
been well studied, however the endogenous role of the AHR is less clear . Some
endogenous and natural substances, including prostaglandin PGG2 and the tryptophan
derivatives indole-3-carbinol, 6-formylindolo[3,2-b]carbazole (FICZ) and kynurenic acid
can bind to and activate the AHR. [EI461471481149] The AHR is thought to have important
endogenous roles in reproduction, liver and heart development, cardiovascular function,
immune function and cell cycle regulation BAEEISLIS2IESIBAIEISSISEIST gnd activation of the
AHR by DLCs may therefore adversely affect these processes.

Dibenzo-p-dioxin

Denison, M. S., Soshilov, A. A., He, G., DeGroot, D. E., and Zhao, B. (2011). Exactly the
same but different: promiscuity and diversity in the molecular mechanisms of action of the
aryl hydrocarbon (dioxin) receptor. Toxicol.Sci. 124, 1-22.

Polychlorinated biphenyl

Of the dioxin-like PCBs, non-ortho congeners are the most toxicologically active, while
mono-ortho PCBs are generally less potent (McFarland and Clarke 1989; Safe 1994).
Chlorine substitution at ortho positions increases the energetic costs of assuming the
coplanar conformation required for binding to the AHR (McFarland and Clarke 1989).
Thus, a smaller proportion of mono-ortho PCB molecules are able to bind to the AHR and
elicit toxic effects, resulting in reduced potency of these congeners. Other PCB congeners,
such as di-ortho substituted PCBs, are very weak AHR agonists and do not likely contribute
to dioxin-like effects (Safe 1994).
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Safe, S. (1994). Polychlorinated biphenyls (PCBs): Environmental impact, biochemical
and toxic responses, and implications for risk assessment. Critical Reviews in
Toxicology 24, 87-149.

McFarland, V. A., and Clarke, J. U. (1989). Environmental occurrence, abundance, and
potential toxicity of polychlorinated biphenyl congeners: Considerations for a congener-
specific analysis. Environ.Health Perspect. 81, 225-2309.

Polychlorinated dibenzofurans

Denison, M. S., Soshilov, A. A, He, G., DeGroot, D. E., and Zhao, B. (2011). Exactly the
same but different: promiscuity and diversity in the molecular mechanisms of action of the
aryl hydrocarbon (dioxin) receptor. Toxicol.Sci. 124, 1-22.

Hexachlorobenzene

Cripps, D. J., Peters, H. A., Gocmen, A., and Dogramici, I. (1984) Porphyria turcica due to
hexachlorobenzene: a 20 to 30 vyear follow-up study on 204 patients. Br. J
Dermatol. 111 (4), 413-422.

Polycyclic aromatic hydrocarbons (PAHS)

PAHs are pontent AHR agonists, but due to their rapid metabolism, they cause a transient
alteration in AHR-mediated gene expression; this property results in a very different
toxicity profile relative to persistent AHR-agonists such as dioxin-like compounds
(Denison et al. 2011).

Denison, M. S., Soshilov, A. A., He, G., DeGroot, D. E., and Zhao, B. (2011). Exactly the
same but different: promiscuity and diversity in the molecular mechanisms of action of the
aryl hydrocarbon (dioxin) receptor. Toxicol.Sci. 124, 1-22.

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
zebra danio Danio rerio High NCBI
Gallus gallus Gallus gallus High NCBI
Pagrus major Pagrus major High NCBI
Acipenser transmontanus Acipenser transmontanus High NCBI
Acipenser fulvescens Acipenser fulvescens High NCBI
rainbow trout Oncorhynchus mykiss High NCBI
Salmo salar Salmo salar High NCBI
Xenopus laevis Xenopus laevis High NCBI
Ambystoma mexicanum Ambystoma mexicanum High NCBI
Phasianus colchicus Phasianus colchicus High NCBI
Coturnix japonica Coturnix japonica High NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI
human Homo sapiens High NCBI

Microgadus tomcod Microgadus tomcod High NCBI
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Life Stage Applicability

Life Stage Evidence
Embryo High
Development High
All life stages High

Sex Applicability

Sex Evidence
Unspecific High

The AHR structure has been shown to contribute to differences in species sensitivity to
DLCs in several animal models. In 1976, a 10-fold difference was reported between two
strains of mice (hon-responsive DBA/2 mouse, and responsive C57BL/6 14 mouse) in
CYP1A induction, lethality and teratogenicity following TCDD exposurel. This
difference in dioxin sensitivity was later attributed to a single nucleotide polymorphism at
position 375 (the equivalent position of amino acid residue 380 in chicken) in the AHR
LBDEUIEL Several other studies reported the importance of this amino acid in birds and
mammalsE2IE2218]3213513LII36] 1t has also been shown that the amino acid at position 319
(equivalent to 324 in chicken) plays an important role in ligand-binding affinity to the AHR
and transactivation ability of the AHR, due to its involvement in LBD cavity volume and
its steric effect3, Mutation at position 319 in the mouse eliminated AHR DNA binding®.,
The first study that attempted to elucidate the role of avian AHR1 domains and key amino
acids within avian AHRL1 in avian differential sensitivity was performed by Karchner et
al.?2, Using chimeric AHR1 constructs combining three AHR1 domains (DBD, LBD and
TAD) from the chicken (highly sensitive to DLC toxicity) and common tern (resistant to
DLC toxicity), Karchner and colleagues!??, showed that amino acid differences within the
LBD were responsible for differences in TCDD sensitivity between the chicken and
common tern. More specifically, the amino acid residues found at positions 324 and 380 in
the AHR1 LBD were associated with differences in TCDD binding affinity and
transactivation between the chicken (lle324_Ser380) and common tern (Val324_Ala380)
receptors’?2, Since the Karchner et al. (2006) study was conducted, the predicted AHR1
LBD amino acid sequences were been obtained for over 85 species of birds and 6 amino
acid residues differed among species™“2”l . However, only the amino acids at positions 324
and 380 in the AHR1 LBD were associated with differences in DLC toxicity in ovo and
AHR1-mediated gene expression in vitro4¥7116] These results indicate that avian species
can be divided into one of three AHR1 types based on the amino acids found at positions
324 and 380 of the AHR1 LBD: type 1 (11e324_Ser380), type 2 (lle324_Ala380) and type
3 (Val324_Ala380)141E0ie],

Little is known about differences in binding affinity of AhRs and how this relates to
sensitivity in non-avian taxa.

Low binding affinity for DLCs of AhR1s of African clawed frog (Xenopus laevis) and
axolotl (Ambystoma mexicanum) has been suggested as a mechanism for tolerance of these
amphibians to DLCs (Lavine et al 2005; Shoots et al 2015).

Among reptiles, only AhRs of American alligator (Alligator mississippiensis) have been
investigated and little is known about the sensitivity of American alligator or other reptiles
to DLCs (Oka et al 2016).

Among fishes, great differences in sensitivity to DLCs are known both for AhRs and for
embryos among species that have been tested (Doering et al 2013; 2014).
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Differences in binding affinity of the AhR2 have been demonstrated to explain differences
in sensitivity to DLCs between sensitive and tolerant populations of Atlantic Tomcod
(Microgadus tomcod) (Wirgin et al 2011).

o This was attributed to the rapid evolution of populations in highly contaminated
areas of the Hudson River, resulting in a 6-base pair deletion in the AHR sequence
(outside the LBD) and reduced ligand binding affinity, due to reduces AHR protein
stability.

Information is not yet available regarding whether differences in binding affinity of AhRs
of fishes are predictive of differences in sensitivity of embryos, juveniles, or adults
(Doering et al 2013).

Key Event Description
The AHR Receptor

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that belongs
to the basic helix-loop-helix Per-ARNT-Sim (bHLH-PAS) superfamily and consists of
three domains: the DNA-binding domain (DBD), ligand binding domain (LBD) and
transactivation domain (TAD)X. Other members of this superfamily include the AHR
nuclear translocator (ARNT), which acts as a dimerization partner of the AHR 2Bl Per, a
circadian transcription factor; and Sim, the “single-minded” protein involved in neuronal
development “I51 This group of proteins shares a highly conserved PAS domain and is
involved in the detection of and adaptation to environmental change!..

Investigations of invertebrates possessing early homologs of the AhR suggest that the AhR
evolutionarily functioned in regulation of the cell cycle, cellular proliferation and
differentiation, and cell-to-cell communications (Hahn et al 2002). However, critical
functions in angiogenesis, regulation of the immune system, neuronal processes,
metabolism, development of the heart and other organ systems, and detoxification have
emerged sometime in early vertebrate evolution (Duncan et al., 1998; Emmons et al., 1999;
Lahvis and Bradfield, 1998).

The molecular Initiating Event

\ P, e -
o /

Heteradimerization

& =

Figure 1: The molecular mechanism of activation of gene expression by AHR.
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The molecular mechanism for AHR-mediated activation of gene expression is presented in
Figure 1. In its unliganded form, the AHR is part of a cytosolic complex containing heat
shock protein 90 (HSP90), the HSP90 co-chaperone p23 and AHR-interacting protein
(AIP)EL, Upon ligand binding, the AHR migrates to the nucleus where it dissociates from
the cytosolic complex and forms a heterodimer with ARNTZ, The AHR-ARNT complex
then binds to a xenobiotic response element (XRE) found in the promoter of an AHR-
regulated gene and recruits co-regulators such as CREB binding protein/p300, steroid
receptor co-activator (SRC) 1, SRC-2, SRC-3 and nuclear receptor interacting protein 1,
leading to induction or repression of gene expression'®, Expression levels of several genes,
including phase | (e.g. cytochrome P450 (CYP) 1A, CYP1B, CYP2A) and phase Il
enzymes (e.g. uridine diphosphate glucuronosyl transferase (UDP-GT), glutathione S-
transferases (GSTs)), as well as genes involved in cell proliferation (transforming growth
factor-beta, interleukin-1 beta), cell cycle regulation (p27, jun-B) and apoptosis (Bax), are
regulated through this mechanism EIEI7IE]

AHR Isoforms

Over time the AhR has undergone gene duplication and diversification in vertebrates,
which has resulted in multiple clades of AhR, namely AhR1, AhR2, and AhR3 (Hahn
2002).

Fishes and birds express AhR1s and AhR2s, while mammals express a single AhR that is
homologous to the AhR1 (Hahn 2002; Hahn et al 2006).

The AhR3 is poorly understood and known only from some cartilaginous fishes (Hahn
2002).

Little is known about diversity of AhRs in reptiles and amphibians (Hahn et al 2002).

In some taxa, subsequent genome duplication events have further led to multiple isoforms
of AhRs in some species, with up to four isoforms of the AhR (a, B, 6, v) having been
identified in Atlantic salmon (Salmo salar) (Hansson et al 2004).

Although homologs of the AhR have been identified in some invertebrates, compared to
vertebrates these AhRs have differences in binding of ligands in the species investigated
to date (Hahn 2002; Hahn et al 1994).

Roles of isoforms in birds:

Two AHR isoforms (AHR1 and AHR2) have been identified in the black-footed albatross
(Phoebastria nigripes), great cormorant (Phalacrocorax carbo) and domestic chicken
(Gallus gallus domesticus)™%, AHR1 mRNA levels were similar in the kidney, heart, lung,
spleen, brain, gonad and intestine from the great cormorant but were lower in muscle and
pancreas. AHR2 expression was mainly observed in the liver, but was also detected in
gonad, brain and intestine. AHR1 levels represented a greater proportion (80%) of total
AHR levels than AHR2 in the cormorant liver® and while both AHR isoforms bound to
TCDD, AHR2 was less effective at inducing TCDD-dependent transactivation compared
to AHR1 in black-footed albatross, great cormorant and domestic chicken!12,

AhR1 and AhR2 both bind and are activated by TCDD in vitro (Yasui et al 2007).

AhR1 has greater binding affinity and sensitivity to activation by TCDD relative to AhR2
(Yasui et al 2007).
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AhR1 is believed to mediate toxicities of DLCs, while AhR2 has no known role in
toxicities (Farmahin et al 2012; Farmahin et al 2013; Manning et al 2012).

Roles of isoforms in fishes:

AhR1 and AhR2 both bind and are activated by TCDD in vitro (Bak et al 2013; Doering
et al 2014; 2015; Karchner et al 1999; 2005).

AhR1 has greater sensitivity to activation by TCDD than AhR2 in red seabream (Pagrus
major), white sturgeon (Acipenser transmontanus), and lake sturgeon (Acipenser
fulvescens) (Bak et al 2013; Doering et al 2014; 2015)

AhR?2 has greater binding affinity or activation by TCDD than AhRL1 in zebrafish (Danio
rerio) and mummichog (Fundulus heteroclitus) (Karchner et al 1999; 2005).

AhR2 is believed to mediate toxicities in fishes, while AhR1 has no known role in
toxicities. Specifically, knockdown of AhR2 protects against toxicities of dioxin-like
compounds (DLCs) and polycyclic aromatic hydrocarbons (PAHS) in zebrafish (Danio
rerio) and mummichog (Fundulus heteroclitus), while knockdown of AhR1 offers no
protection (Clark et al 2010; Prasch et al 2003; Van Tiem & Di Giulio 2011).

Roles of isoforms in amphibians and reptiles:
Less is known about AhRs of amphibians or reptiles.

AhRL is believed to mediate toxicities in amphibians (Hahn 2002; Lavine et al 2005; Oka
et al 2016; Shoots et al 2015). However, all AhRs of amphibians that have been
investigated have very low affinity for TCDD (Hahn 2002; Lavine et al 2005; Oka et al
2016; Shoots et al 2015).

Both AhR1s and AhR2 of American alligator (Alligator mississippiensis) are activated by
agonists with comparable sensitivities (Oka et al 2016). AhRs of no other reptiles have
been investigated.

How it is Measured or Detected

Transactivation Reporter Gene Assays (recommended approach)
Transient transfection transactivation

Transient transfection transactivation is the most common method for evaluating nuclear
receptor activation®2, Full-length AHR cDNAs are cloned into an expression vector along
with a reporter gene construct (chimeric luciferase, P-lactamase or CAT reporter vectors
containing the appropriate response elements for the gene of interest). There are a number
of commercially available cell lines that can serve as recipients for these vectors (CV-1,
HuH7, FLC-7, LS174T, LS180 MCF-7, HEC1, LLC-PK1, HEK293, HepG2, and Caco-2
cells)2, The greatest advantage of using transfected cells, rather than primary cell cultures,
is the assurance that the nuclear receptor of interest is responsible for the observed
induction. This would not be possible in a primary cell culture due to the co-regulation of
different receptors for the same target genes. This model makes it easy to compare the
responsiveness of the AHR across multiple species under the same conditions simply by
switching out the AHR clone. One disadvantage to the transient transfection assay is the
inherent variability associated with transfection efficiency, leading to a movement towards
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the use of stable cell lines containing the nuclear receptor and reporter gene linked to the
appropriate response elementsZ,

Luciferase reporter gene (LRG) assay

The described luciferase reporter gene (LRG) assays have been used to investigate
activation of AhRs of:

Humans (Homo sapiens) (Abnet et al 1999)

Species of birds, namely chicken (Gallus gallus), ring-necked pheasant (Phasianus
colchicus), Japanese quail (Coturnix japonica), and common tern (Sterna
hirundo) (Farmahin et al 2012; Manning et al 2013), Mutant AhR1s with ligand binding
domains resembling those of at least 86 avian species have also been investigated
(Farmahin et al 2013). AhR2s of birds have only been investigated in black-footed
albatross (Phoebastria nigripes) and common cormorant (Phalacrocorax carbo) (Yasio et
al 2007).

American alligator (Alligator mississippiensis) is the only reptile for which AhR
activation has been investigated (Oka et al 2016), AhR1A, AhR1B, and AhR2 of American
alligator were assayed (Oka et al 2016).

AhR1 of two amphibians have been investigated, namely African clawed frog (Xenopus
laevis) and salamander (Ambystoma mexicanum) (Lavine et al 2005; Shoots et al 2015;
Ohi et al 2003),

AhR1s and AhR2s of several species of fish have been investigated, namely Atlantic
salmon (Salmo salar), Atlantic tomcod (Microgadus tomcod), white sturgeon (Acipenser
transmontanus), rainbow trout (Onchorhynchys mykiss), red seabream (Pagrus major),
lake sturgeon (Acipenser fulvescens), and zebrafish (Danio rerio) (Andreasen et al 2002;
Abnet et al 1999; Bak et al 2013; Doering et al 2014; 2015; Evans et al 2005; Hansson &
Hahn 2008; Karchner et al 1999; Tanguay et al 1999; Wirgin et al 2011).

For demonstrative purposes, a luciferase reporter gene assay used to measure AHR1-
mediated transactivation for avian species is described here. However, comparable assays
are utilized for investigating AHR1s and AHR2s of all taxa. A monkey kidney cell line
(Cos-7) that has low endogenous AHR1 expression was transfected with the appropriate
avian AHR1 clone, cormorant ARNT1, a CYP1AS5 firefly luciferase reporter construct and
a Renilla luciferase vector to control for transfection efficiency. After seeding, the cells
were exposed to DLC and luciferase activity was measured using a luminometer.
Luminescence, which is proportional to the extent of AHR activation, is expressed as the
ratio of firefly luciferase units to Renilla luciferase units X2, This particular assay was
modified from its original version to increase throughput efficiency; (a) cells were seeded
in 96-well plates rather than Petri dishes or 48- well plates, (b) DLCs were added directly
to the wells without changing the cell culture medium, and (c) the same 96-well plates were
used to measure luminescence without lysing the cells and transferring to another plate.
Similar reporter gene assays have been used to measure AHR1 activation in domestic and
wild species of birds, including the chicken, ring-necked pheasant (Phasianus colchicus),

Japanese quail (Coturnix japonica), great cormorant, black-footed albatross and peregrine
falcon (Falco peregrinus).[241LSILSILLIEILT]

Transactivation in stable cell lines

Stable cell lines have been developed and purified to the extent that each cell contains both
the nuclear receptor and appropriate reporter vector, eliminating the variability associated
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with transfection 2, A stable human cell line containing a luciferase reporter driven by
multiple dioxin response elements has been developed that is useful in identifying AhR
agonists and antagonists'®l. An added benefit of this model is the potential to multiplex 3
assays in a single well: receptor activation, cell viability and enzyme activity*2. Such
assays are used extensively in drug discovery due to their high throughput efficiency, and
may serve just as useful for risk assessment purposes.

Ligand-Binding Assays

Ligand binding assays measure the ability of a test compound to compete with a labeled,
high-affinity reference ligand for the LBD of a nuclear receptor. It is important to note that
ligand binding does not necessitate receptor activation and therefore cannot distinguish
between agonists and antagonists; however, binding affinities of AHR ligands are highly
correlated with chemical potencies™® and can explain differences in species sensitivities to
DLCs!221i22l: they are therefore worth mentioning. Binding affinity and efficacy have
been used to develop structure-activity relationships for AHR disruption2%23l that are
potentially useful in risk-assessment. There has been tremendous progress in the
development of ligand-binding assays for nuclear receptors that use homogenous assay
formats (no wash steps) allowing for the detection of low-affinity ligands, many of which
do not require a radiolabel and are amenable to high throughput screening24:2l, This author
however was unable to find specific examples of such assays in the context of AHR binding
and therefore some classic radioligand assays are described instead.

Hydroxyapatite (HAP) binding assay

The HAP binding assay makes use of an in vitro transcription/translation method to
synthesize the AHR protein, which is then incubated with radiolabeled TDCPP and a HAP
pellet. The occupied protein adsorbs to the HAP and the radioactivity is measured to
determine saturation binding. An additional ligand can also be included in the mixture in
order to determine its binding affinity relative to TCDD (competitive binding)!2!22l, This
assay is simple, repeatable and reproducible; however, it is insensitive to weak ligand-
receptor interactions!22[2L26],

Whole cell filtration binding assay

Dold and Greenlee?” developed a method to detect specific binding of TCDD to whole
mammalian cells in culture and was later modified by Farmahin et al.’2! for avian species.
The cultured cells are incubated with radiolabeled TCDD with or without the presence of
a competing ligand and filtered. The occupied protein adsorbs onto the filter and the
radioactivity is measured to determine saturation binging and/or competitive binding. This
assay is able to detect weak ligand-receptor interactions that are below the detection limit
of the HAP assay!2.,

Protein-DNA Interaction Assays

The active AHR complexed with ARNT can be measured using protein-DNA interaction
assays. Two methods are described in detail by Perez-Romero and Imperiale2®!. Chromatin
immunoprecipitation measures the interaction of proteins with specific genomic regions in
vivo. It involves the treatment of cells with formaldehyde to crosslink neighboring protein-
protein and protein-DNA molecules. Nuclear fractions are isolated, the genomic DNA is
sheared, and nuclear lysates are used in immunoprecipitations with an antibody against the
protein of interest. After reversal of the crosslinking, the associated DNA fragments are
sequenced. Enrichment of specific DNA sequences represents regions on the genome that
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the protein of interest is associated with in vivo. Electrophoretic mobility shift assay
(EMSA) provides a rapid method to study DNA-binding protein interactions in vitro. This
relies on the fact that complexes of protein and DNA migrate through a nondenaturing
polyacrylamide gel more slowly than free DNA fragments. The protein-DNA complex
components are then identified with appropriate antibodies. The EMSA assay was found
to be consistent with the LRG assay in chicken hepatoma cells dosed with dioxin-like
compounds!2,

In silico Approaches

In silico homology modeling of the ligand binding domain of the AHR in combination with
molecular docking simulations can provide valuable insight into the transactivation-
potential of a diverse array of AHR ligands. Such models have been developed for multiple
AHR isoforms and ligands (high/low affinity, endogenous and synthetic, agonists and
antagonists), and can accurately predict ligand potency based on their structure and
physicochemical properties (Bonati et al 2017; Hirano et al 2015; Sovadinova et al 2006).
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List of Key Events in the AOP

Event: 944: dimerization, AHR/ARNT

Short Name: dimerization, AHR/ARNT

Key Event Component

Process Object Action
protein dimerization aryl hydrocarbon receptor increased
activity

protein dimerization aryl hydrocarbon receptor  nuclear increased
activity translocator

AOPs Including This Key Event

AOP ID and Name

Event
Type

Aop:150 - Aryl hydrocarbon receptor activation leading to early life stage KeyEvent

mortality, via reduced VEGF

Aop:21 - aryl hydrocarbon receptor activation leading to early life stage KeyEvent

mortality, via increased COX-2

Stressors

Name

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
Stressor:147 Dibenzo-p-dioxin

Polychlorinated biphenyl

Polychlorinated dibenzofurans
Polycyclic aromatic hydrocarbons

Biological Context

Level of Biological Organization

Molecular

Cell term

Cell term
eukaryotic cell



https://aopwiki.org/events/944
https://aopwiki.org/aops/150
https://aopwiki.org/aops/150
https://aopwiki.org/aops/21
https://aopwiki.org/aops/21
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Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
zebrafish Danio rerio High NCBI
mouse Mus musculus High NCBI
Coturnix japonica Coturnix japonica High NCBI
Phasianus colchicus Phasianus colchicus High NCBI
rainbow trout Oncorhynchus mykiss High NCBI
Pagrus major Pagrus major High NCBI
Acipenser fulvescens Acipenser fulvescens High NCBI
Acipenser transmontanus Acipenser transmontanus High NCBI
Salmo salar Salmo salar High NCBI
Xenopus laevis Xenopus laevis High NCBI
human Homo sapiens High NCBI
Ambystoma mexicanum Ambystoma mexicanum High NCBI
Microgadus tomcod Microgadus tomcod High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
Development High
All life stages High

Sex Applicability

Sex Evidence
Unspecific High

Taxonomic Presence of ARNT genes:

ARNTS have been identified in all tetrapods investigated to date (Drutel et al 1996; Hirose
et al 1996; Hoffman et al 1991; Lee et al 2007; Lee et al 2011).

ARNTSs have been identified in a great phylogenetic diversity of fishes, including early
fishes (Doering et al 2014; 2016).

ARNT has been identified in investigated invertebrates (Powell-Coffman et al 1998).

Taxonomic Applicability of Heterodimerization of ARNT isoforms with AhR
isoforms:

In mouse (Mus mus) and chicken (Gallus gallus) both the ARNT1 and ARNT2 were
capable of heterdimerizing with AHR and interacting with dioxin-responsive elements on
the DNA in vitro (Hirose et al 1996; Lee et al 2007; Lee et al 2011; Prasch et al 2004).
However, no studies have yet confirmed involvement of both ARNT1 and ARNT2 in vivo.


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=93934
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9054
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8022
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=143350
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=41871
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7904
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8030
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8296
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=34823
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In zebrafish, all adverse effects of DLCs so far examined in vivo are mediated solely by
ARNT1 based on knockdown studies, although ARNT2 is capable of heterodimerizing
with AHR2 and interacting with dioxin-responsive elements on the DNA in vitro (Prasch
et al 2004; Prasch et al 2006). In addition to AHRs of zebrafish, AHRs of Atlantic salmon
(Salmo salar), Atlantic tomcod (Microgadus tomcod), mummichog, rainbow trout, and red
seabream (Pagrus major) have been demonstrated to heterodimerize with ARNTL in vitro
(Abnet et al 1999; Bak et al 2013; Hansson & Hahn 2008; Karchner et al 1999; Wirgin et
al 2011), while AHRs of white sturgeon (Acipenser transmontanus), and lake sturgeon
(Acipenser fulvescens) have been demonstrated to heterodimerize with ARNT2 in vitro
(Doering et al 2014b; 2015b; Prasch et al 2004; 2006).

This mechanism is conserved across species. Mammals possess a single AHR, whereas
birds and fish express multiple isoforms, and all three express multiple ARNT isoforms.
Not all of the isoforms identified are functionally active. For example, killifish AHR1 and
AHR2 are active and display different transcription profiles, whereas zebrafish AHR2 and
ARNT2 are active in mediating xenobiotic-mediated toxicity and AHR1 is inactive (Hahn
et al. 2006; Prasch et al. 2006).

Key Event Description

Structure and Function of ARNT

The aryl hydrocarbon receptor nuclear translocator (ARNT) is a member of the Per-Arnt-
Sim (PAS) family of proteins (Gu et al 2000).

PAS proteins share highly conserved PAS domains (Gu et al 2000).

PAS proteins act as transcriptional regulators in response to environmental and
physiological cues (Gu et al 2000).

ARNTS have numerous key roles in vertebrates related to responses to developmental and
environmental cues.

Isoforms of ARNT:

Over time ARNT has undergone gene duplication and diversification in vertebrates, which
has resulted in three clades of ARNT, namely ARNT1, ARNT2, and ARNTS3.

Each clade can include multiple isoforms and splice variants (Hill et al 2009; Lee et al
2007; Lee et al 2011; Powel & Hahn 2000; Tanguay et al 2000).

ARNT1s have been demonstrated to function predominantly through heterodimerization
with the aryl hydrocarbon receptor (AhR) and hypoxia inducible factor 1 o (HIFla)
(Prasch et al 2004; 2006; Wang et al 1995).

ARNT2s are believed to function predominantly through heterodimerization with Single
Minded (SIM) (Hirose et al 1996).

ARNT3s, which are also known as ARNT-like (ARNTL), Brain and Muscle ARNT-like-
1 (BMALZ1), or Morphine Preference 3 (MOP3), are believed to function predominantly
through heterodimerization with Circadian Locomotor Output Cycles Kaput (CLOCK)
(Gekakis et al 1998).



Roles of ARNTSs in mammals:

ARNT1 functions in normal vascular and hematopoietic development (Kozak et al 1997;
Maltepe et al 1997; Abbott & Buckalew 2000).

ARNT2 functions in development of the hypothalamus and nervous system (Hosoya et al
2001; Keith et al 2001).

ARNTS3 functions in biological rhythms (Gekakis et al 1998).
Roles of ARNTS in other taxa:

ARNTS have been demonstrated to have roles in development of the heart, brain, liver, and
possibly the peripheral nervous system in zebrafish (Danio rerio) (Hill et al 2009).

Roles of ARNTS in other taxa have not been sufficiently investigated to date.

Interaction with AHR

Both ARNT1s and ARNT2s are able to heterodimerize with AhR and interact with dioxin-
responsive elements on the DNA in in vitro systems (Hirose et al 1996; Lee et al 2007,
Lee et al 2011; Prasch et al 2004).

Selective knockdown of ARNTS in zebrafish (Danio rerio) demonstrates that ARNT1s,
but not ARNT2s, are required for activation of the AhR in vivo (Prasch et al 2004; 2006).

In limited investigations ARNT3 has not been demonstrated to interact with the AHR
either in vivo or in vitro (Jain et al 1998).

Upon ligand binding, the aryl hydrocarbon receptor (AHR) migrates to the nucleus where
it dissociates from the cytosolic complex and forms a heterodimer with AHR nuclear
translocator (ARNT) (Mimura and Fujii-Kuriyama 2003). The AHR-ARNT complex then
binds to a xenobiotic response element (XRE) found in the promoter of an AHR-regulated
gene and recruits co-regulators such as CREB binding protein/p300, steroid receptor co-
activator (SRC) 1, SRC-2, SRC-3 and nuclear receptor interacting protein 1, leading to
induction or repression of gene expression (Fujii-Kuriyama and Kawajiri 2010).
Expression levels of several genes, including phase | (e.g. cytochrome P450 (CYP) 1A,
CYP1B, CYP2A) and phase Il enzymes (e.g. uridine diphosphate glucuronosyl transferase
(UDP-GT), glutathione S-transferases (GSTs)), as well as genes involved in cell
proliferation (transforming growth factor-beta, interleukin-1 beta), cell cycle regulation
(p27, jun-B) and apoptosis (Bax), are regulated through this mechanism (Fujii-Kuriyama
and Kawajiri 2010; Giesy et al. 2006; Mimura and Fujii-Kuriyama 2003; Safe 1994).

How it is Measured or Detected

AhR/ARNT heterodimerization can be measured in several ways:

1) The active AHR complexed with ARNT can be measured using protein-DNA interaction
assays. Two methods are described in detail by Perez-Romero and Imperiale (Perez-
Romero and Imperiale 2007). Chromatin immunoprecipitation measures the interaction of
proteins with specific genomic regions in vivo. It involves the treatment of cells with
formaldehyde to crosslink neighboring protein-protein and protein-DNA molecules.
Nuclear fractions are isolated, the genomic DNA is sheared, and nuclear lysates are used
in immunoprecipitations with an antibody against the protein of interest. After reversal of
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the crosslinking, the associated DNA fragments are sequenced. Enrichment of specific
DNA sequences represents regions on the genome that the protein of interest is associated
with in vivo. Electrophoretic mobility shift assay (EMSA) provides a rapid method to study
DNA-binding protein interactions in vitro. This relies on the fact that complexes of protein
and DNA migrate through a non-denaturing polyacrylamide gel more slowly than free
DNA fragments. The protein-DNA complex components are then identified with
appropriate antibodies. The EMSA assay was found to be consistent with the luciferase
reporter gene assay (in chicken hepatoma cells dosed with dioxin-like compounds (Heid et
al. 2001).

2) Species-specific differences in dimerization and differences in dimerization between
ARNT isoform and AhR isoform combinations have been assessed through luciferase
reporter gene (LRG) assays utilizing COS-7 cells transfected with expression constructs of
AhR and ARNT isoforms of mammals, birds, and fishes (Abnet et al 1999; Bak et al 2013;
Doering et al 2014; 2015; Hansson & Hahn 2008; Hirose et al 1996; Karchner et al
1999; Lee et al 2007; Lee et al 2011; Prasch et al 2004; Wirgin et al 2011). However, this
method is indirect as it also includes binding of a ligand to the AhR, and interaction of the
AhR/ARNT heterodimer with dioxin-responsive elements on the DNA.
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Event: 945: reduced dimerization, ARNT/HIF1-alpha
Short Name: reduced dimerization, ARNT/HIF1-alpha

Key Event Component

Process Object Action
protein dimerization hypoxia-inducible factor 1-alpha decreased
activity

protein dimerization aryl  hydrocarbon  receptor  nuclear decreased
activity translocator

AOPs Including This Key Event

AOP ID and Name Event

Type
Aop:150 - Aryl hydrocarbon receptor activation leading to early life stage KeyEvent
mortality, via reduced VEGF

Biological Context

Level of Biological Organization
Molecular

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
mouse Mus musculus High NCBI
rat Rattus norvegicus High NCBI
zebrafish Danio rerio High NCBI
Zoarces Viviparus Zoarces Vviviparus High NCBI
Carassius carassius Carassius carassius High NCBI
human Homo sapiens High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
Development High

Sex Applicability

Sex Evidence
Unspecific High
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ARNT/HIF1-alpha dimerization and downstream gene regulation has been studies in
chickenst®, micel*d, rats{'®l fish!*46land in human cell linest*™

Key Event Description

The aryl hydrocarbon receptor nuclear translocator (ARNT; a.k.a HIF-1R) serves as a
dimerization partner for hypoxia inducible factor 1 alpha (HIF-1a), and this complex is
involved in mediating physiological responses to hypoxia. HIF-10 abundance is negatively
regulated by a subfamily of dioxygenases referred to as prolyl hydroxylase domain-
containing proteins, which use oxygen as a substrate to hydroxylate HIF-1a subunits and
hence tag them for rapid degradation. Under conditions of hypoxia, HIF-1o subunits
accumulate due to reduced hydroxylation efficiency and form heterodimers (HIF-1) with
ARNT. Dimerization between ARNT and HIF-1a forms a transcription factor complex
(HIF-1) that binds to hypoxia response enhancer sequences on DNA to activate the
expression of genes involved in angiogenesis, glucose metabolism, cell survival, and
erythropoietin synthesis, among others®11,

How it is Measured or Detected

The active HIF1- a complexed with ARNT can be measured using protein-DNA interaction
assays. Two methods are described in detail by Perez-Romero and Imperiale (Perez-
Romero and Imperiale 2007). Chromatin immunoprecipitation measures the interaction of
proteins with specific genomic regions in vivo. It involves the treatment of cells with
formaldehyde to crosslink neighboring protein-protein and protein-DNA molecules.
Nuclear fractions are isolated, the genomic DNA is sheared, and nuclear lysates are used
in immunoprecipitations with an antibody against the protein of interest. After reversal of
the crosslinking, the associated DNA fragments are sequenced. Enrichment of specific
DNA sequences represents regions on the genome that the protein of interest is associated
with in vivo. Electrophoretic mobility shift assay (EMSA) provides a rapid method to study
DNA-binding protein interactions in vitro. This relies on the fact that complexes of protein
and DNA migrate through a non-denaturing polyacrylamide gel more slowly than free
DNA fragments.
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Event: 948: reduced production, VEGF
Short Name: reduced production, VEGF

Key Event Component

Process Object Action
gene expression vascular endothelial growth factor A decreased
abnormal protein level vascular endothelial growth factor A decreased

AOPs Including This Key Event

AOP ID and Name Event

Type
Aop:150 - Aryl hydrocarbon receptor activation leading to early life stage KeyEvent
mortality, via reduced VEGF

Biological Context

Level of Biological Organization
Cellular

Cell term

Cell term
angioblastic mesenchymal cell

Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
mammals mammals High NCBI
Japanese quail Coturnix japonica High NCBI
zebrafish Danio rerio High NCBI
Xenopus laevis Xenopus laevis High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
Development High

Adult High



https://aopwiki.org/events/948
https://aopwiki.org/aops/150
https://aopwiki.org/aops/150
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=93934
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355

| 61

Sex Applicability

Sex Evidence
Unspecific High

VEGF proteins have been isolated and characterized in multiple species including
mammalstt24l, chickent, Japanese quaill®, Xenopus laevis” and zebrafish*>7; VEGF 45
in particular is highly conserved among species with >95% homology between the human
transcript and bovine, ovine and murine variants®™. The avian and amphibian VEGF
proteins are highly homologous to the mammalian VEGFs, wheres the fish homologue is
less similarl™. Invertebrates, such as C. elegans and Drosophila also contain a VEGFR-like
receptorl,

Key Event Description

Vascular endothelial growth factors (VEGFs) are a family of homodimeric glycoproteins
that stimulate vasculogenesis and angiogenesis in various tissues™™. They play vital roles
in fetal development and increased oxygen supply in response to tissue injury and hypoxic
stressi*?,  VEGFs signal through cell surface receptor tyrosine kinases: VEGFR-
1, VEGFR-2 and VEGFR-3 (Figure 1), which play critical roles in haematopoietic cell
development, vascular endothelial cell development and lymphatic endothelial cell
development, respectively®l. The mammalian VEGF-A family has been extensively
studied, and includes multiple splice variants, with VEGFies being the most abundantly
expressed™,
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VEGF-A VEGF-C

VEGFR-1  VEGFR-2 VEGFR-3
(FIt-1) (FIk-1/KDR) (Flt-4)

Figure 1. VEGF family members and their respective receptors (Héggstrom, Mikael
(2014). "Medical gallery of Mikael Haggstrom 2014". WikiJournal of Medicine 1 (2).
DOI:10.15347/wjm/2014.008. ISSN 2002-4436. Public Domain. Retrieved 24/05/2017)

How it is Measured or Detected

VEGF protein can be measured by enzyme-linked immunosorbent assay (Ivnitski-Steele et
al. (2005), immunihistochemistry or western blot (Li et al. 2016).

VEGF gene expression, which is directly correlated with protein levels, can be measured
by quantitative real-time polymerase chain reaction (QPCR) (Medford et al. 2009).
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Event: 110: Impairment, Endothelial network

Short Name: Impairment, Endothelial network

Key Event Component

Process
endothelium development

Object Action

abnormal

AOPs Including This Key Event

AOP ID and Name

Aop:43 - Disruption of VEGFR Signaling Leading to Developmental

Event

Type
KeyEvent

Defects

Aop:150 - Aryl hydrocarbon receptor activation leading to early life stage

KeyEvent

mortality, via reduced VEGF

Biological Context

Level of Biological Organization
Cellular

Organ term

Organ term
embryo

Domain of Applicability

Taxonomic Applicability

Term
Vertebrates

Scientific Term
Vertebrates

Evidence Links
High NCBI

Life Stage Applicability

Life Stage
Embryo
Development

Evidence
High
High

Sex Applicability

Sex
Unspecific

Evidence
High
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Blood vessel development utilizes highly conserved molecular pathways that are active
across vertebrate species. Anatomically, however, the molecular toolbox for
vasculogenesis/angiogenesis has varied themes for arterial, venous, and lymphatic
channels, as well as across different organs and species [Tal et al. 2016]. ToxCast high-
throughput screening (HTS) data for 25 assays mapping to targets in embryonic vascular
disruption signature [Knudsen and Kleinstreuer, 2011] were used to rank-order 1060
chemicals for their potential to disrupt vascular development. The predictivity of this
signature is being evaluated in various angiogenesis assays, including tubulogenesis in
endothelial cells from zebrafish, chick, mouse and human species [Tal et al. 2016;
Vargesson et al. 2003; Knudsen et al. 2016; McCollum et al. 2016; Nguyen et al. 2016].
As an example, a zebrafish embryo vascular model in conjunction with a mouse endothelial
cell model identified 28 potential vascular disruptor compounds (pVDCs) from ToxCast.
These exposures invoked a plethora of vascular perturbations in the zebrafish embryo,
including malformed intersegmental vessels, uncondensed caudal vein plexus,
hemorrhages and cardiac oedema; 22 pVDCs inhibited endothelial tubulogenesis in an
yolk-sac-derived endothelial cell line [McCollum et al. 2016]. The VEGF pathway was
implicated across mouse-zebrafish species. Because gene sequence similarity of the
ToxCast pVDC signature is comprised of proteins that primarily map to human in vitro and
biochemical assays, the U.S. EPA SeqAPASS tool was used to assess the degree of
conservation of signature targets between zebrafish and human, as well as other commonly
used model organisms in human health and environmental toxicology research [Tal et al.
2016]. This approach revealed that key nodes in the ontogenetic regulation of angiogenesis
have evolved across diverse species.

Key Event Description

In embryological terms the angiogenic cycle entails a stepwise progression of de novo
blood vessel morphogenesis (vasculogenesis), maturation and expansion (angiogenesis),
and remodeling [Hanahan, 1997; Chung and Ferrara 2011; Coultas et al. 2005]. These
events commence as angioblasts migrate, proliferate, and assemble into a tubular network.
With maturation, the endothelial tubules co-opt local stromal cells as pericytes and smooth
muscle. Local signals acting on receptor tyrosine kinases (RTKs), G-protein coupled
receptors (GPCRs), and glycosyl phosphatidyl-inositol (GPI)-anchored receptors, and later
vascular flow-mediated signals. The process of endothelial assembly into a tubular network
may be disrupted by environmental agents [Sarkanen et al. 2010; Bondesson et al. 2016;
Knudsen et al. 2016; Nguyen et al. 2016; Tal et al. 2016].

How it is Measured or Detected

Endothelial tubule formation (tubulogenesis) can be monitored both qualitatively and
guantitatively in vitro using different human cell-based angiogenesis assays that score
endothelial cell migration and the degree of tubular network formation, including cell
counts, tubule counts, tubule length, tubule area, tubule intensity, and node counts [Muller
et al. 2002; Masckauchan et al. 2005; Sarkanen et al. 2010; Knudsen et al. 2016; Nguyen
et al. 2016]. Standard practice for reproducible in vitro tubule formation uses endothelial
cells co-cultured with stromal cells [Bishop et al. 1999]. Cell types commonly employed
are human umbilical endothelial cells (HUVECs) or more recently induced pluripotent
stem cells (iPSCs) derived to endothelial cells through various differentiation and
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purification protocols. The assay is run in agonist or antagonist modes to detect chemical
enhancement or suppression of tubulogenesis. Synthetic hydrogels are shown to promote
robust in vitro network formation by HUVEC or iPSC-ECs as well as their utilization to
detect putative vascular disruptive compounds [Nguyen et al. 2016]. Endothelial networks
formed on synthetic hydrogels showed superior sensitivity and reproducibility when
compared to endothelial networks formed on Matrigel.
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Event: 317: Altered, Cardiovascular development/function

Short Name: Altered, Cardiovascular development/function

Key Event Component

Process Object Action

abnormal cardiovascular ~ system morphological

physiology change

cardiovascular system development cardiovascular abnormal

system
AOPs Including This Key Event

AOP ID and Name Event

Type

Aop:150 - Aryl hydrocarbon receptor activation leading to early life stage KeyEvent

mortality, via reduced VEGF

Aop:21 - aryl hydrocarbon receptor activation leading to early life stage KeyEvent

mortality, via increased COX-2

Stressors

Name
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

Biological Context

Level of Biological Organization
Organ

Organ term

Organ term
heart

Domain of Applicability

Taxonomic Applicability

Term Scientific Term
Vertebrates Vertebrates
Invertebrates Invertebrates

Evidence
High
High

Links
NCBI
NCBI



https://aopwiki.org/events/317
https://aopwiki.org/aops/150
https://aopwiki.org/aops/150
https://aopwiki.org/aops/21
https://aopwiki.org/aops/21
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0

68 |

Life Stage Applicability

Life Stage Evidence
Embryo High

Sex Applicability

Sex Evidence
Unspecific High

Some form of cardiovascular system is present in members of the clade Bilateria
(Bishopric 2005). This clade includes most animal phyla, except for sponges (Porifera),
jellyfishes and corals (Cnidaria), placozoans (Placozoa), and comb jellies (Ctenophora).

Differences in cardiovascular systems are present among taxa. Vertebrates have closed
circulatory systems, while some invertebrate taxa have open circulatory systems (Kardong
2006).

Key Event Description

This key event applies to the disruption of cardiogenesis early enough in embryogenesis to
result in gross morphological alterations leading to reduced cardiac function.

How it is Measured or Detected
Altered cardiovascular development/function can be measured in numerous ways:

1) As blood flow in the mesencephalic vein by use of time-lapse recording using a digital
video camera (Teraoka et al 2008; 2014). Blood flow is measured as the number of red
blood cells passing the mesencephalic vein per second (Teraoka et al 2008; 2014). This
method is described in detail by Teraoka et al (2002). However, some studies have assessed
blood flow through visualized scoring techniques by use of a microscope as (1) same rate as
control, (2) slower rate than control, or (3) no flow (Henry et al 1997).

2) As heart area, pericardial oedema area, or yolk sac oedema area quantified with area
analysis by use of a microscope linked digital camera and conventional image
software (Dong et al 2010; Teraoka et al 2008; 2014; Yamauchi et al 2006). Images at the
same magnification are used to obtain the area measured as number of pixels (Teraoka et
al 2008; 2014). This method can use either live individuals or histologic samples. This
method is described in detail by Teraoka et al (2003).

3) As basic physical measurements such as heart weight, heart aspect ratio (horizontal
length versus vertical length), heart weight to body weight ratio (Fujisawa et al 2014).

4) As incidence of malformation measured as percent occurrence among individuals
(Buckler et al 2015; Dong et al 2010; Park et al 2014; Yamauchi et al 2006).This method
is described in detail by Dong et al (2010).

5) As heartbeat rate measured by direct observation by use of a microscope (Park et al
2014). This method is described in detail by Park et al (2014).
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List of Adverse Outcomes in this AOP

Event: 947: Increase, Early Life Stage Mortality

Short Name: Increase, Early Life Stage Mortality

Key Event Component

Process Object Action
embryonic lethality increased
mortality increased

AOPs Including This Key Event

AOP ID and Name Event Type
Aop:150 - Aryl hydrocarbon receptor activation leading to early life AdverseOutcome
stage mortality, via reduced VEGF

Aop:21 - aryl hydrocarbon receptor activation leading to early life KeyEvent

stage mortality, via increased COX-2

Stressors

Name
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

Biological Context

Level of Biological Organization
Individual

Evidence for Perturbation by Stressor
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

Exposure of embryos to 2,3,7,8-TCDD causes early life stage mortality in all studied
species of fishes (Doering et al 2013).
Domain of Applicability

Taxonomic Applicability

Term Scientific Term Evidence Links
Vertebrates Vertebrates High NCBI



https://aopwiki.org/events/947
https://aopwiki.org/aops/150
https://aopwiki.org/aops/150
https://aopwiki.org/aops/21
https://aopwiki.org/aops/21
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=0
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Life Stage Applicability

Life Stage Evidence
Embryo High
Foetal High
Development High

Sex Applicability

Sex Evidence
Unspecific High

All members of the subphylum vertebrata are susceptible to early life stage death
(Weinstein 1999).

Key Event Description

Increased early life stage mortality refers to an increase in the number of individuals dying
in an experimental replicate group or in a population over a specific period of time.

In Birds:

Early life stage mortality occurs at any stage in development prior to birth/hatch and is
considered embryolethal.

In Fishes:

Early Life Stage Mortality refers to death prior to yolk sac adsorption and swim-up.

How it is Measured or Detected

In birds it may be identified as failure to hatch or lack of movement within the egg when
candled; heartbeat monitors are available for identifying viable avian and reptillian eggs
(ex. Avitronic's Buddy monitor). In mammals, stilloorn or mummified offspring, or an
increased rate of resorptions early in pregnancy are all considered embryolethal, and can
be detected using ultra-high frequency ultrasound (30-70 MHz; a.k.a. ultrasound
biomicroscopy) (Flores et al. 2014). In fishes, mortality is typically measured by
observation. Lack of any heart beat, gill movement, and body movement are typical signs
of death used in the evaluation of mortality.

Regulatory Significance of the AO

Poor early life stage survival is an endpoint of major relevance to environmental regulators,
as it is likely to lead to population decline. Early-life stage, acute and chronic test
guidelines have been established by the Organisation for Economic Co-operation and
Development (OECD), U.S. Environmental Protection Agency (EPA) and Environment
and Climate Change Canada (ECCC), and are currently used in risk assessments to set
limits for safe exposures. Aquatic test guidlines are most prevalent and include OECD210,
OECD229, EPA850.1400 and ECCC EPS 1/RM/28 for fish and OECD241 for frogs.
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Appendix 2: List of Key Event Relationships in the AOP

List of Adjacent Key Event Relationships

Relationship: 972: Activation, AhR leads to dimerization, AHR/ARNT

AOPs Referencing Relationship

AOP Name Adjacency Weight of Quantitative
Evidence Understanding
Aryl hydrocarbon receptor adjacent  High Moderate

activation leading to early life

stage mortality, via reduced VEGFE

aryl hydrocarbon receptor adjacent High Moderate
activation leading to early life

stage _mortality, via _increased

COX-2

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
Mus musculus Mus musculus High NCBI
Danio rerio Danio rerio High NCBI
rainbow trout Oncorhynchus mykiss High NCBI
Pagrus major Pagrus major High NCBI
Acipenser fulvescens Acipenser fulvescens High NCBI
Salmo salar Salmo salar High NCBI
Acipenser transmontanus Acipenser transmontanus High NCBI
Xenopus laevis Xenopus laevis High NCBI
Ambystoma mexicanum Ambystoma mexicanum High NCBI
Microgadus tomcod Microgadus tomcod High NCBI
human Homo sapiens High NCBI
Gallus gallus Gallus gallus High NCBI
Phasianus colchicus Phasianus colchicus High NCBI
Coturnix japonica Coturnix japonica High NCBI

Life Stage Applicability

Life Stage Evidence
All life stages High



https://aopwiki.org/relationships/972
https://aopwiki.org/aops/150
https://aopwiki.org/aops/150
https://aopwiki.org/aops/150
https://aopwiki.org/aops/21
https://aopwiki.org/aops/21
https://aopwiki.org/aops/21
https://aopwiki.org/aops/21
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7955
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8022
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=143350
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=41871
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8030
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=7904
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8355
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=8296
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=34823
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9031
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9054
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=93934

Sex Applicability

Sex Evidence
Unspecific High

The aryl hydrocarbon receptor (AhR) and aryl hydrocarbon receptor nuclear translocator
(ARNT) are highly conserved and ancient proteins with homologs having been identified
in most major animal groups, apart from the most ancient lineages, such as sponges
(Porifera) (Hahn et al 2002).

In vitro dimerization of AhRs and ARNTSs have been demonstrated in mammals, birds,
reptiles, amphibians, teleost and non-teleost fishes, and some invertebrates (Butler et al
2001; Emmons et al 1999; Hahn et al 2002; Powell-Coffman et al 1998).

Key Event Relationship Description

In its unliganded form, the AHR is part of a cytosolic complex containing heat shock
protein 90 (HSP90), the HSP90 co-chaperone p23 and AHR-interacting protein (AIP)
(Fujii-Kuriyama et al. 2010). Upon ligand binding, the aryl hydrocarbon receptor (AHR)
migrates to the nucleus where it dissociates from the cytosolic complex and forms a
heterodimer with AHR nuclear translocator (ARNT) (Mimura and Fujii-Kuriyama 2003).

AhRs can heterodimerize with ARNT1 and ARNT?2 isoforms in order to activate reporter
constructs in transfected cells and recognize response elements in gel shift assays in all
investigated vertebrates, including birds, fishes, and reptiles (Abnet et al 1999; Andreasen
et al 2002a; 2002b; Bak et al 2013; Doering et al 2014; Doering et al 2015; Farmahin et al
2012; 2013; Hansson & Hahn 2008; Karchner et al 1999; 2006; Lavine et al 2005; Shoots
et al 2015; Tanguay et al 1999; 2000; Wirgin et al 2011).

Evidence Supporting this KER
Biological Plausibility

The mechanism of AHR-mediated transcriptional regulation is well understood (Fujii-
Kuriyama and Kawajiri 2010).

Numerous PAS proteins are known to interact with each other in response to environmental
and developmental cues through dimerization at their PAS domains (Pohjanvirta 2012).

Empirical Evidence

ARNT is a necessary dimerization partner for the transcriptional activation of AHR
regulated genes (Hoffman et al. 1991; Poland et al. 1976). The AHR/ARNT complex was
confirmed following in vitro exposure to halogenated aromatic hydrocarbons using an
electrophoretic mobility shift assay; a dose-dependent supershift in DNA-binding was
observed using specific antibodies in chicken and human cell lines (Heid et al. 2001).

Unliganded AhR exists as a cytosolic 9S form, while in the presence of a ligand the AhR
exists as a nuclear 6S form. ARNT exists as a nuclear 6S form (Okey 2007).

The 6S form of AhR is approximately 210 kDa. Ligated AhR is approximately 100 kDa
and ARNT is approximately 110 kDa (Elferink et al 1990; Swanson et al 1993).

Dimerization of AhRs with ARNTs has been demonstrated in all invertebrate and
vertebrate species so far investigated (Butler et al 2001; Emmons et al 1999; Hahn et al
2002; Powell-Coffman et al 1998).
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Heterodimers are not formed on response elements in gel shift assays in the absence of
AhR and/or ARNT (Tanguay et al 2000).

Uncertainties and Inconsistencies

There are uncertainties in the precise physiological and toxicological roles of different AhR
clades (AhR1, AhR2, AhR3) and isoforms (a, B3, J, ¥).

There are uncertainties in the precise physiological and toxicological roles of different
ARNT clades (ARNT1, ARNT2, ARNT3) and isoforms (a, b, c).

Nothing is known about differences in binding affinity of AhR for ARNT and of the
AhR/ARNT heterodimer for DNA among species and taxa.

There is uncertainty in whether anthropogenic contaminants that act as ligands of the AhR
and lead to dimerization of AhR with ARNT in vertebrates also act as ligands in
invertebrates.
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Relationship: 973: dimerization, AHR/ARNT leads to reduced dimerization,
ARNT/HIF1-alpha

AOPs Referencing Relationship

AOP Name Adjacency Weight of Quantitative
Evidence Understanding

Aryl  hydrocarbon _ receptor adjacent Moderate Low

activation leading to early life

stage mortality, via reduced

VEGF

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
mouse Mus musculus High NCBI
Atlantic killifish Fundulus heteroclitus High NCBI
zebrafish Danio rerio High NCBI
Fundulus heteroclitus Fundulus heteroclitus High NCBI
human Homo sapiens High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
During development and at adulthood High

Sex Applicability

Sex Evidence
Unspecific High

The cross-talk between AHR and HIFla has been demonstrated in chicken embryos
(Ivnitski-Steele et al. 2004) mice (Ichihara et al. 2007) Atlantic killifish and zebrafish
(McElroy et al. 2012), Mummichog (Kraemer et al. 2004) and a number of human cell
lines (Chan et al. 1999; Seifert et al. 2008; Vorrink et al. 2014a, Vorrink et al. 2014b).

Key Event Relationship Description

The aryl hydrocarbon receptor nuclear translocator (ARNT) is common dimerization
partner for both the aryl hydrocarbon receptor (AHR) and hypoxia inducible factor alpha
(HIF-1a). There is considerable cross talk between the two nuclear receptors, leading to the
hypothesis that AHR activation leads to sustained AHR/ARNT dimerization and reduced
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HIF-10/ARNT dimerization, assuming ARNT is not available in excess (Chan et al. 1999;
Vorrink et al 2014b).

Evidence Supporting this KER
Biological Plausibility

The ARNT serves as a dimerization partner for multiple transcription factors including the
xenobiotic sensing AHR and HIF1a; therefore, it is plausible that sequestration of ARNT
by one receptor would reduce the responsiveness of the other, assuming that ARNT is
available in limited quantity (Vorrink et al. 2014b). Gel-shift and coimmunoprecipitation
experiments have shown that the AHR and HIFla compete for ARNT in vitro, with
approximately equal dimerization efficiencies (Schmidt and Bradfield 1996).

Empirical Evidence
Include consideration of temporal concordance here

Activation of either AHR (by 2,3,7,8-tetrachlorodibenzo-p-dioxin) or HIF1 (by hypoxia)
inhibits the activity of the other, in Hep3B cells (Chan et al. 1999)

TCDD and hypoxia together reduced the stabilization of HIFla and HRE-mediated
promoter activity when compared to hypoxia alone, in MCF-7 and HepG2 cells (Seifert et
al. 2008).

Hypoxia increased EF5 binding (hypoxic tissue marker) in chicken embryos, whereas it
was decreased by TCDD relative to controls (D10 of incubation) (lvnitski-Steele et al.
2004)

TCDD reduces the expression of cardiac HIF1loo mRNA in chicken embryos (Ivnitski-
Steele et al. 2004)

ARNT overexpression rescued human HepG2 and HaCaT cells from inhibitory effect of
hypoxia on XRE-luciferase reporter activity. This indicates that the mechanism of
interference between the AHR and HIF 1o pathways at least partially dependent on ARNT
availability (Vorrink et al. 2014)

Ischemia-induced upregulation of the expression of HIF1a and ARNT and DNA binding
activity of the HIF1a-ARNT complex were enhanced in AHR-null mice (Ichihara et al.
2007).

Vorrink et al (2014b) provides a thorough summary of supporting evidence as well as
contradictions and uncertainties in the literature.

Uncertainties and Inconsistencies

Although crosstalk between AHR and HIF1a clearly exists, the nature of the relationship
is still not clearly defined (Vorrink et al 2014). It has been suggested that HIF1a and AHR
do not competitively regulate each other for hetero-dimerization with ARNT, as ARNT is
constitutively and abundantly expressed in cells and does not deplete due to hypoxia or
AHR activation (Chan et al. 1999; Pollenz et al. 1999). Nie et al. (2001) hypothesized that
the degree of interaction among ARNT-dependent pathways depends on the abundance of
ARNT in the cells. They observed crosstalk in Hepa 1 cells but not H4IIE cells, and
attributed this to the ratio of AhR to ARNT of 0.3 (i.e. excess ARNT), compared to a ratio
of 10 in Hepa 1 cells (Holmes and Pollenz, 1997)
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Some studies have shown that the effect of hypoxia on AHR mediated pathways is stronger
than effects of a AHR-mediated xenobiotic response on the HIF 1a pathway (Gassmann et
al. 1997; Gradin et al. 1996; Nie et al. 2001; Prasch et al. 2004); this has been attributed to
the stronger binding affinity of HIF1a to ARNT relative to AHR (Gradin et al. 1996).
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Relationship: 974: reduced dimerization, ARNT/HIF1-alpha leads to reduced
production, VEGF

AOPs Referencing Relationship

AOP Name Adjacency Weight of Quantitative
Evidence Understanding

Aryl  hydrocarbon _ receptor adjacent Moderate Moderate

activation leading to early life

stage mortality, via reduced

VEGF

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
mouse Mus musculus High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
During development and at adulthood High

Sex Applicability

Sex Evidence
Unspecific High

Transcriptional regulation of VEGF by the HIF-1 complex has been demonstrated in
chicken embryos (Cheung 1997; lvnitski-Steele et al. 2004), Baltic salmon (Vuori et al.
2004), mice (Maltepe et al. 1997) and rats (Levy et al.1995). This KER is likely applicable
in general to birds, fish and mammals based on the conserved nature of the VEGF gene
(Masabumi Shibuya 2002).

Key Event Relationship Description

Dimerization between AHR nuclear translocator (ARNT) and hypoxia inducible factor 1
alpha (HIF-1a) forms a transcription factor complex (HIF-1) that binds to hypoxia response
enhancer sequences on DNA to activate the expression of angiogenic factors including
vascular endothelial growth factor (VEGF) (Fong 2009). The HIF-1 complex binds to the
VEGF gene promoter, then recruits additional transcriptional factors such as P-CREB and
P-STATS3, to the promoter and initiates VEGF transcription (Ahluwalia and Tarnawski
2012). In the absence of HIF-1, VEGF expression and secretion is diminished.
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Evidence Supporting this KER
Biological Plausibility

The transcriptional control of VEGF by HIF-1 is well understood (Ahluwalia and
Tarnawski 2012; Fong 2009)

Empirical Evidence
Include consideration of temporal concordance here

In chick embryo development, the oxygen gradient within myocardium induces VEGF
MRNA in cardiac myocytes (Cheung 1997).

ARNT- and HIF-1a- null mice cannot survive gestation due to defects in vasculature
development (lyer et al. 1998; Maltepe et al. 1997)

Hypoxia increased VEGF expression in AHR+/+ aortic endothelial cells (MAECS) but not
in AHR-/- MAECs, suggesting that HIF-1a modulates endothelial VEGF expression in an
AHR-dependent manner (Roman et al. 2009)

HIF-1o protein degradation by 2-methoxyestradio blocked hypoxia induced VEGF
expression in AHR+/+ but not AHR-/- MAECs (Roman et al. 2009)

Exogenous hypoxia significantly increased cardiac VEGF-A mRNA expression and
expanded its spatial expression in the myocardium of developing chicks; in contrast, AHR
activation (which competes with HIF1a for ARNT) tended to limit the spatial expression
of VEGF-A to ventricular trabeculae (Ivnitski-Steele et al. 2004)

AHR activation reduced myocardial VEGF-A expression in chick embryos and reduced
explant VEGF-A secretion (Ivnitski-Steele et al. 2005)

Uncertainties and Inconsistencies

ARNT knock-out in mice (effectively null for HIF-1) show disrupted angiogenesis and
reduced VEGF expression (Maltepe et al. 1997); however, HIF-1o null mice (also
effectively null for HIF-1) show disrupted angiogenesis with a slight increase in VEGF
expression (Compernolle et al. 2003). This may indicate that alternate, compensatory
mechanisms for transcriptional regulation of VEGF exist, which are HIF-1a-independent
but ARNT dependent.

There is also the potential for HIF-1-independent regulation of VEGF, as illustrated in an
ARNT-deficient mutant cell line (Hepal C4) in which VEGF expression was only partially
abrogated (Gassmann et al. 1997).

It has been reported that the AHR/ARNT heterodimer binds to estrogen response elements,
with mediation of the estrogen receptor (ER), and activates transcription of VEGF-A
(Ohtake et al. 2003). The potential involvement of AHR in opposing regulatory cascades
(directly inducing VEGF through ER and indirectly suppressing it by ARNT sequestration)
also helps explain conflicting results found in the literature.
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Relationship: 975: reduced production, VEGF leads to Impairment, Endothelial
network

AOPs Referencing Relationship

AOP Name Adjacency Weight of Quantitative
Evidence Understanding
Aryl hydrocarbon receptor adjacent High Low

activation leading to early life
stage mortality, via reduced VEGF

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
mammals mammals High NCBI
zebrafish Danio rerio High NCBI
Salmo salar Salmo salar High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
Development High

Sex Applicability

Sex Evidence
Unspecific High

The role of VEGF in vasculogenesis and angiogenesis (which include endothelial cell
formation, migration and assemply) has been demostrated in chicken!, zebrafish®®, Baltic
salmon® and mammalst™.

Key Event Relationship Description

During vasculogenesis, angioblasts, which express vascular endothelial growth factor
(VEGF) receptor 2 (fetal liver kinase; FIk-1), are stimulated to proliferate and differentiate
into endothelial cells by VEGF-A. These endothelial cells then assemble into patent
capillary tubes via stimulation of VEGF receptor 1 (fms-like tyrosine kinase; Flt-1) by
VEGF-A. The endothelial cells then are activated by angiogenic stimuli (such as basic
fibroblast growth factor and VEGF-A) to migrate and proliferate, producing new capillary
sprouts (lvnitski-Steele and Walker 2005).
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Evidence Supporting this KER
Biological Plausibility

The importance of VEGF for endothelial network formation and integrity is clear (Ivnitski-
Steele and Walker 2005); loss of a single VEGF-A allele results in defective vascularization
and early embryonic lethality (Carmeliet et al. 1996; Ferrara et al. 1996).

Empirical Evidence
Include consideration of temporal concordance here

Chick explants (cell culture derive from treated embryos) with reduced endothelial tube
length (40%+1.7%) and number (36%+3%) relative to controls, were rescued by
exogenous VEGF treatment or hypoxia (i.e. endothelial tube length and number were
increased). The increase by hypoxia was prevented by VEGF neutralizing antibody
(Ivnitski-Steele and Walker 2003)

Hearts from TCDD treated embryos, which exhibited altered cardiovascular growth,
showed sig. reduction in VEGF mRNA and protein (Ivnitski-Steele and Walker 2003)

Reduced coronary artery number in chick embryos and reduced tube outgrowth were
associated with reduced VEGF-A secretion (43+3%) in vitro (Ivnitski-Steele et al. 2005)

In the absence of VEGF-A, human primary umbilical vein endothelial cells (HUVECS)
from control cultures elongate and form linear attachments, while addition of VEGF-A
stimulates formation of complex interconnected networks (lvnitski-Steele and Walker
2005).

Uncertainties and Inconsistencies

Reduced secretion of VEGF is not the sole mechanism responsible for reduced coronary
vasculogenesis as TCDD caused a dose-related reduction in tube outgrowth in vitro but all
doses reduced VEGF-A secretion equally (lvnitski-Steele et al. 2005).
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Relationship: 976: Impairment, Endothelial network leads to Altered,
Cardiovascular development/function

AOPs Referencing Relationship

AOP Name Adjacency Weight of Quantitative
Evidence Understanding

Aryl  hydrocarbon _ receptor adjacent Moderate Low

activation leading to early life

stage mortality, via reduced

VEGF

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
chicken Gallus gallus High NCBI
zebrafish Danio rerio High NCBI
mammals mammals High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
Development High
Adult Moderate

Sex Applicability

Sex Evidence
Unspecific High

The importance of endothelial integrity for normal cardiac function has been demonstrated
in zebrafish (Plavicki et al. 2013) and chicken (Carro et al. 2013; lvnitski et al. 2001)
embryos as well as mammals (Kopf et al 2008; Paulus 1994).

Key Event Relationship Description

The formation of new blood vessels during development occurs via de novo assembly of
blood vessels from angioblast precursors (vasculogenesis) and formation of new capillary
sprouts from preexisting vessels (angiogenesis) (Ivnitski-Steele and Walker 2005). The
epicardium is a single cell layer that spreads over the surface of the heart during embryo
development and is the source of angioblasts, which penetrate into the myocardium,
providing the endothelial and mural cell progenitor populations that eventually form the
entire coronary vasculature (lvnitski-Steele and Walker 2005; Viragh et al. 1993; Vrancken
Peeters et al. 1999). The development of the vasculature into highly branched conduits
needs to occur in numerous sites and in precise patterns to supply oxygen and nutrients to
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the rapidly expanding tissue of the embryo; aberrant regulation and coordination of
angiogenic signals during development result in impaired organ development (Chung and
Ferrara 2011).

Evidence Supporting this KER
Biological Plausibility

The importance of endothelial cell migration, proliferation and integrity in
neovascularization and organogenesis is well documented (Chung and Ferrara 2011,
Ivnitski-Steele and Walker 2005).

Empirical Evidence
Include consideration of temporal concordance here

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced cardiotoxicity in zebrafish coincides
with epicardium formation. Cardiotoxicity begins at 48 hours post fertilization (hpf; start
of pre-epicardium formation) and starts to decline at 5 days post fertilization, which is
about the time the initial epicardial cell layer is complete. Cardiotoxicity disappears at 2
weeks, after epicardium formation is complete. TCDD prevented the formation of the
epicardial cell layer when exposed 4hpf, and blocked epicardial expansion from the
ventricle to the atrium following exposure at 96hpf. These effects ultimately result in valve
malformation, reduced heart size, impaired development of the bulbus arteriosus,
decreased cardiac output, reduced end diastolic volume, decreased peripheral blood flow,
oedema and death (Plavicki et al. 2013).

Significant decreases in cardiomyocyte proliferation and thinning of the ventricular wall
were observed in chicken embryos exposed to PCB58 (Carro et al. 2013).

TCDD inhibition of coronary development is preceded by a decrease in myocyte
proliferation and an increase in cardiac apoptosis (lvnitski et al. 2001)

Sectioned and stained heart samples from patients with ischemic heart disease lack
epicardial cells (Di et al. 2010)

Juvenile mice with induced cardiovascular disease show altered heart morphology and
function, including epithelial dysfunction (Kopf et al. 2008).

Uncertainties and Inconsistencies
No uncertainties or inconsistencies to report.
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Relationship: 1567: Altered, Cardiovascular development/function leads to
Increase, Early Life Stage Mortality

AOPs Referencing Relationship

AOP Name Adjacency Weight of Quantitative
Evidence Understanding
Aryl hydrocarbon receptor adjacent High Low

activation leading to early life

stage mortality, via reduced VEGFE

aryl hydrocarbon receptor adjacent High Low
activation leading to early life

stage mortality, via increased

COX-2

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
mammals mammals High NCBI
fish fish High NCBI
chicken Gallus gallus High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High

Sex Applicability

Sex Evidence
Unspecific High

Cardiovasular remodelling and cardiac failure leading to embryo death has been observed
in mammals (kopf and Walker 2009, Thakur et al.2013), fish (kopf and Walker 2009) and
chickens (kopf and Walker 2009). Although the chick is preferenrially used as a lab model
for developemental studies, this KER likely extends to other avian species aswell.

Key Event Relationship Description

Changes in heart morphology can result in decreased cardiac output and are associated with
myocardial disease, abnormalities in cardiac loading, rhythm disorders, ischemia
(restriction in blood supply to tissues, causing a shortage of oxygen and glucose needed for
cellular metabolism), and cardiac compression. Severe cardiac dysfunction can result in
congestive fetal heart failure (inability of the heart to deliver adequate blood flow to organs)
leading to fluid build-up in tissues and cavities (oedema and effusion, respectively). Fluid
buildup exerts a positive pressure on fetal cardiac chambers, which further limits the
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diastolic ventricular filling reserve, potentiating the diminished cardiac output and leading
to fetal death (Thakur et al. 2013).

It remains unclear whether oedema plays an essential role in causing fetal death, or whether
it simply accelerates the rate of deterioration; nonetheless, it is a reliable indicator of
cardiotoxicity.

Evidence Supporting this KER
Biological Plausibility

The connection between altered cardiovascular developement during embryogenesis,
diminished cardiac output and embryonic death have been well studied (Thakur et al. 2013;
kopf and Walker 2009)

Empirical Evidence

The most common cause of infant death due to birth defects is congenital cardiovascular
malformation (Kopf and Walker 2009)

At low doses of dioxin-like compounds, disrupted heart looping (Henshel et al. 1993),
congenital heart defects, (Cheung et al. 1981) and impaired contraction of cardiac
myocytes (Canga et al. 1993) were observed in chick embryos without the onset of oedema.
Whereas at higher doses oedema and embryo death are increased (Walker et al. 1997).

Changes in heart morphology consistent with dilated cardiomyopathy (decreased cardiac
output and ventricular cavity expansion) were observed in chick embryos exposed to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) followed by progression to congestive heart
failure.

Changes in heart morphology and decreases in cardiac output and peripheral blood flow
precede heart failure in Zebrafish (Antkiewicz et al. 2005; Belair et al. 2001; Henry et al.
1997; Plavicki et al. 2013)

When mannitol is used as a protective agent against chemical-induced oedema in zebrafish,
cardiotoxic effects are still observed; therefore, oedema is secondary to cardiotoxicity
(Antkiewicz et al. 2005; Plavicki et al. 2013)

Oedema is a hallmark sign of cardio-developmental toxicity in fish, chick, and mammalian
species exposed to strong AHR agonists early in embryogenesis (Carney et al. 2006)

o Note that it presents as pericardial and yolk sac oedema in fish, pericardial,
peritoneal and subcutaneous oedema on chicks, and peritoneal and subcutaneous
oedema in mice.

Uncertainties and Inconsistencies

There is no doubt that severely altered cardiovascular development early in embryogenesis
causes embryonic death, however the precise sequence of events leading to heart failure
remains to be elucidated.
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List of Non Adjacent Key Event Relationships

Relationship: 984: Activation, AhR leads to Increase, Early Life Stage Mortality

AOPs Referencing Relationship

AOP Name

Adjacency Weight

of Quantitative

Evidence Understanding

Aryl  hydrocarbon __ receptor non- High Moderate
activation leading to early life adjacent
stage mortality, via reduced
VEGF
aryl hydrocarbon receptor non- High Moderate
activation leading to early life adjacent
stage _mortality, via _increased
COX-2

Evidence Supporting Applicability of this Relationship
Taxonomic Applicability
Term Scientific Term Evidence  Links
chicken Gallus gallus High NCBI
Japanese quail Coturnix japonica High NCBI
Ring-necked pheasant Phasianus colchicus High NCBI
turkey Meleagris gallopavo High NCBI
bobwhite quail Colinus virginianus High NCBI
American kestrel Falco sparverius High NCBI
Double-crested cormorant Double-crested cormorant High NCBI
Eastern bluebird Eastern bluebird High NCBI
zebrafish Danio rerio High NCBI
Fundulus heteroclitus Fundulus heteroclitus High NCBI
Mus musculus Mus musculus High NCBI
Oncorhynchus mykiss Oncorhynchus mykiss Moderate NCBI
Xenopus laevis Xenopus laevis Low NCBI
rat Rattus norvegicus High NCBI

Life Stage Applicability

Life Stage Evidence
Embryo High
Development High

Sex Applicability

Sex Evidence
Unspecific High
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Overall, this KER is believed to be applicable to all vertebrates based on mortality as a
result of exposure to known agonists of the AhR (Buckler et al 2015; Cohen-Barnhouse et
al 2011; Elonen et al 1998; Johnson et al 1998; Jung et al 1997; Kopf & Walker 2009; Park
et al 2014; Tillitt et al 2016; Toomey et al 2001; Walker et al 1991; Wang et al 2013;
Yamauchi et al 2006; Zabel et al 1995).

The correlation between AHR-mediated reporter gene activity and embryo death has been
demonstrated in avian species as described above.

Little is known about differences in binding affinity of AhRs and how this relates to
sensitivity in non-avian taxa.

Low binding affinity for DLCs of AhR1s of African clawed frog (Xenopus laevis) and
axolotl (Ambystoma mexicanum) has been suggested as a mechanism for tolerance of these
amphibians to DLCs (Lavine et al 2005; Shoots et al 2015).

Among reptiles, only AhRs of American alligator (Alligator mississippiensis) have been
investigated and little is known about the sensitivity of American alligator or other reptiles
to DLCs (Oka et al 2016).

Among fishes, great differences in sensitivity to DLCs are known both for AhRs and for
embryos among species that have been tested (Doering et al 2013; 2014).

Differences in binding affinity of the AhR2 have been demonstrated to explain differences
in sensitivity to DLCs between sensitive and tolerant populations of Atlantic Tomcod
(Microgadus tomcod) (Wirgin et al 2011).

Information is not yet available regarding whether differences in binding affinity of AhRs
of fishes are predictive of differences in sensitivity of embryos, juveniles, or adults
(Doering et al 2013).

Key Event Relationship Description

The aryl hydrocarbon receptor is commonly known for its involvement in xenobiotic
metabolism and clearance, but it also regulates a number of endogenous processes
including angiogenesis, immune responses, neuronal processes, metabolism, and
development of numerous organ systems (Duncan et al., 1998; Emmons et al., 1999; Hahn
et al 2002; Lahvis and Bradfield, 1998). Strong AHR agonists that cause sustained AHR
activation interfere with the receptor's endogenous role in embryogenesis, which causes
numerous developmental abnormalities and ultimately leads to embryonic death (Kopf and
Walker 2009; Carreira et al 2015).

It's important to note that his relationship only applies to AHR agonists that cause sustained
AHR activation. Strong AHR agonists that are rapidly metabolized, such as polycyclic
aromatic hydrocarbons, only cause transient AHR activation leading to an alternate mode
of toxicity.

This Key Event Relationship describes the indirect link between the Molecular Initiating
Event (activation of the AhR) and the Adverse Outcome (increased early life stage
mortality).



| 97

Evidence Supporting this KER
Biological Plausibility
AHR Ligand Binding Domain

Mammalian and avian sensitivity to DLCs ultimately comes down to the identity of two
particular amino acids in the ligand binding domain (LBD) of the AHR: positions 375 and
319 in mice and 380 and 324 in birds.

o A 10-fold difference between two strains of mice (non-responsive DBA/2 mouse,
and responsive C57BL/6 14 mouse) in CYPLA induction, lethality and
teratogenicity following TCDD exposure (Poland et al. 1976), was attributed to a
single nucleotide polymorphism at position 375 (Ema et al. 1994; Poland et al.
1994; Poland and Knutson 1982).

o Several other studies reported the importance of this amino acid in birds and
mammals (Backlund and Ingelman-Sundberg 2004; Ema et al. 1994; Karchner et
al. 2006; Murray et al. 2005; Pandini et al. 2007; Pandini et al. 2009; Poland et al.
1994; Ramadoss and Perdew 2004).

The amino acid at position 319 plays an important role in ligand-binding affinity to the
AHR and transactivation ability of the AHR, due to its involvement in LBD cavity volume
and its steric effect (Pandini et al. 2009).

o Mutation at position 319 in the mouse eliminated AHR DNA binding (Pandini et
al. 2009).

Using AHR LBD Constructs to Determine Avian Sensitivity

Using chimeric AHR1 constructs combining three AHR1 domains (DBD, LBD and TAD)
from the chicken (highly sensitive to DLC toxicity) and common tern (resistant to DLC
toxicity), Karchner and colleagues (2006), showed that amino acid differences within the
LBD were responsible for differences in TCDD sensitivity between the chicken and
common tern.

o They specifically attributed positions 324 and 380 with differences in TCDD
binding affinity and transactivation between the chicken (lle324_Ser380) and
common tern (Val324_Ala380) receptors.

The LBD of over 85 bird species have since been analyzed to find that 6 amino acid
residues differed among species (Farmahin et al. 2013; Head et al. 2008), but only positions
324 and 380 in the AHR1 LBD were associated with differences in DLC toxicity in ovo
and AHR1-mediated gene expression in vitro (Farmahin et al. 2013; Head et al. 2008;
Manning et al. 2012).

o Based on these results, avian species can be divided into one of three AHR1 types
based on the amino acids found at positions 324 and 380 of the AHR1 LBD: type
1 (lle324_Ser380; most sensitive), type 2 (1le324_Ala380; moderately sensitive)
and type 3 (Val324_Ala380; least sensitive) (Farmahin et al. 2013; Head et al.
2008; Manning et al. 2012).

o A sampling of bird species and their AHR LBD category is described in table 1.
A list of 86 species and their subtype can be found in Farmahin et al. (2013).
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Table 1

AHR1 subtypes identified based on predicted amino acid sequences of the avian AHR1 ligand binding domain (LBD). Avian AHR1 LBD sequences from 86 species were obtained from
GenBank or were determined from liver or blood samples obtained from the National Wildlife Research Centre, Ottawa, ON, commercial suppliers near Ottawa, ON, or the
Tittabawassee River basin, Michigan, USA

AHR 1 LBD amino acid residues
subtype 256 324°
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*Amino acid residues at positions 324 and 380 were used to classify species into three major AHR1 types, which are indicated by white (type 1), light grey (type 2), and dark grey
(type 3) shading.

PThe full list of 86 species is presented in (Fammahin, R sf al (2013). Toxicol Sci 131(1), 139-152)

(Source: Manning, G E et al (2012). Toxicol Appl Pharmacol 263(3). 390-399)

Empirical Evidence
Mammals:

AhR deficient strains of mice (Mus musculus) are unaffected by exposure to agonists of
the AhR (Fernandez-Salguero et al 1996).

Strains of mice that express AhRs with lesser affinity for agonists are more tolerant to
adverse effects of exposure relative to strains of mice that express AhRs with greater
affinity for agonists (Bisson et al 2009; Ema et al 1993).

Birds:

Binding of dioxin-like compounds (DLCs) to avian AHR1 (Farmahin et al. 2014; Karchner
et al. 2006) and AHR1-mediated transactivation measured using luciferase reporter gene
(LRG) assays have been demonstrated in domestic and wild species of birds (Farmahin et
al. 2012; Farmahin et al. 2013b; Fujisawa et al. 2012; Lee et al. 2009; Manning et al. 2012;
Mol et al. 2012), and binding affinity was found to be strongly correlated with
embryotoxicity (Manning et al. 2012) .

Fish:

Knockdown of the AhR2 prevents mortality following exposure to agonist of the AhR in
fishes (Clark et al 2010; Hanno et al 2010; Prasch et al 2003; Van Tiem & Di Giulio 2011).
Relative potencies of dioxin-like compounds for activation of AHR2 alpha of rainbow
trout (Oncorhynchus mykiss) is predictive of relative potencies for early life stage mortality
(Abnet et al 1999).

Amphibians:

AhR1s of amphibians studied to date are insensitive to activation by dioxin-like
compounds in vitro, while amphibians studies to date are extremely tolerant to adverse
effects of exposure to dioxin-like compounds in vivo (Jung et al 1997; Lavine et al 2005;
Shoots et al 2015).

Invertebrates:

Chemicals that activate the AhR of vertebrates are not known to bind AhRs of invertebrates
and increased mortality in invertebrates has never been observed as a result of exposure to
these agonists (Hahn 2002; Hahn et al 1994).
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Uncertainties and Inconsistencies

Interestingly, interference with endogenous AHR functions, either by knock-out or by
agonist exposure during early development, causes similar cardiac abnormalities (Carreira
et al 2015). Although this is counterintuitive, it demonstrates that the AHR has an optimal
window of activity, and deviation either above or below this range results in toxicity.

Uncertainites:
Only limited AhR activation information is currently available for fishes.

Only limited AhR activation information and mortality information is currently available
for reptiles and amphibians.

Despite decades of research into the molecular initiating event (i.e., binding of chemicals
to the AhR) and resulting adverse outcomes (i.e. mortality), less is known about the precise
cascade of key events that link activation of the AhR to the adverse outcome (Doering et
al 2016).

However, hundreds to thousands of different genes are regulated, either directly or
indirectly, by activation of the AhR, which presents major uncertainties in the
precise pathway of key events or whether perturbation to multiple pathways is the cause
of mortality (Brinkmann et al 2016; Doering et al 2016; Huang et al 2014; Li et al 2013;
Whitehead et al 2010).

Despite these uncertainties in the AOP, considerable research has investigated the indirect
relationship between activation of the AhR and increased mortality among different
chemicals, species, and taxa (Doering et al 2013).

Inconsistencies:

There are no currently known inconsistencies between AhR activation and increased
mortality among vertebrates.
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