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OUTLINE 
• BACKGROUND	
• ADVERSE	OUTCOME	PATHWAYS	–	DEFINED	

• EXAMPLES	OF	APPLICATIONS	

• PRINCIPLES	OF	AOP	DEVELOPMENT	



Wide range of diagnostic tests are employed in 
medicine 
 
Doctors explain to patients, what the results of 
those tests mean relative to health. 



TOXICOLOGY 
• HAS GENERALLY FAVORED 

DIRECT OBSERVATION OF APICAL 
ADVERSE EFFECTS 

•  EXPENSIVE 

•  TIME-CONSUMING 

•  ETHICAL/SOCIETAL CONCERNS 



Introduction 
The Great Chemical Unknown 
[Scientific American October 28, 2010]  
 

Universe of Chemicals 
in the Environment 

•  Very limited toxicity characterization for 
most chemicals in commerce. 

Frac=on	that	have	been	
extensively	tested	



“Transform	toxicity	tes=ng	from	a	system	based	on	whole-animal	tes=ng	to	one	
founded	primarily	on	in	vitro	methods	that	evaluate	changes	in	biologic	
processes	using	cells,	cell	lines,	or	cellular	components,	preferably	of	human	
origin”	

	
	
	
	
	
		

“The	vision	emphasizes	the	development	of	suites	of	
predic=ve,	high-throughput	assays	…..”	

	
“The	mix	of	tests	in	the	vision	include	tests	that	assess	
cri=cal	mechanis=c	endpoints	involved	in	the	
induc=on	of	overt	toxic	effects	rather	than	the	effects	
themselves.”	

	

Introduction Vision 



•  Enzyme activities 
•  Gene expression 
•  Hormone concentrations 
•  Metabolite abundance 
•  Histological changes 
•  DNA damage 
•  Epigenetic modifications 
•  Lipid or protein abundance 

Examples 



ToxCast 
> 600 assays, >2000 chemicals,  

Introduction Vision 
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ToxCastToxRefDB

21st	Century	Toxicity	Tes=ng	is	here….	

We	can	rapidly	and	cost	effec=vely	generate	
pathway-based	data		

• Ac=vity	of	1000s	of	chemicals	in	100s	of	
pathways.	

Conceivable	that	majority	of	chemicals	in	
commerce	could	be	“tested”	within	the	decade.	
	

Vision 



1-{2-(2,4-
Dichlorophenyl)-2-[(prop-2-
en-1-yl)oxy]ethyl}-1H-
imidazole 

So What? 



An	Adverse	Outcome	Pathway	(AOP)	is	a	conceptual	framework	that	portrays	exis<ng	knowledge	concerning	the	linkage	between	a	direct	

molecular	ini<a<ng	event	and	an	adverse	outcome,	at	a	level	of	biological	organiza<on	relevant	to	risk	assessment.		

(Ankley	et	al.	2010,	Environ.	Toxicol.	Chem.,	29(3):	730-741.)	
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• 	Helps	us	organize	what	we	know	
• 	U=lize	mechanis=c	data	to	support	risk-based	decision-making	

Introduction Adverse Outcome Pathway 



Potential evidence 
for more 
specifically-acting 
toxicity 

Evidence	for	Aromatase	inhibi=on	
There’s	an	AOP	for	that….reproduc=ve	hazard	

AOP	25:		Aromatase	inhibi=on	leading	to	reproduc=ve	dysfunc=on	

Poten=al	hazard	
to	vertebrate	
reproduc=on	



Aromatase	
inhibi<on	
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Reduced	E2	

VTG	accum.,	
reduced	 Reduced	fecundity	

Not	only	is	it	biologically	plausible	–	its	supported	by	empirical	evidence	
	
Consistent	profile	of	effects	have	been	observed	with	other	cyp19	inhibitors	and	in	other	species	:	
Prochloraz,	fathead	minnow:		Toxicol.	Sci.	2005.	86:	300-308	
Propiconazole,	fathead	minnow:		Toxicol.	Sci.	2013.	132:	284-297.	
Letrozole,	Japanese	medaka:	Compar.	Biochem.	Physiol.	Pt.	C,	2007,	145:	533-541	

Aromatase	
inhibi=on	

17β-estradiol	
produc=on,	
reduced	

Plasma	17β-
estradiol	

concentra=on,	
reduced	

Hepa=c	Vtg	
synthesis,	
reduced	

Vtg	accumula=on	
in	oocytes,	
reduced	

Cumula=ve	
fecundity,	
reduced	

Plasma	Vtg	
concentra=on,	

reduced	

Example	of	an	AOP:		hSps://aopwiki.org/aops/25	

Reduced	VTG	



•  AOPs	organize	knowledge	
	
•  Present	it	systema=cally	

•  Manner	that	is	accessible	and	usable	

Adverse Outcome Pathway 

AOP as diagnostic manual:  explains what it means for health and why. 



What AOPs are not: 
•  AOPs	are	not	risk	assessments	

•  Do	not	explicitly	address	exposure	

•  AOPs	are	not	synonymous	with	HTT	or	pathway-based	assays	
•  Aid	interpreta=on	of	HTT	and	pathway-based	assay	data	in	the	context	of	apical	hazard	

•  AOPs	are	not	Computa<onal	Models	
•  Computa=onal	models	that	align	with	AOPs	and	can	be	used	to	simulate	KERs	along	the	AOP	
and	predict	state	of	KEs	under	various	condi=ons/scenarios	termed	qAOPs.	

•  AOPs		are	not	a	panacea	
•  Don’t	solve	challenges	of	in	vitro	/	in	vivo	extrapola=on	
•  Don’t	account	for	all	known	biology	or	all	possible	modula=ng	variables	



What AOPs can do for us: 
•  Enhance	use	of	mechanis<c	data	in	regulatory	decision-making	

•  Support	hypothesis-driven	tes<ng		-	target	in	vivo	tes<ng	on	
endpoints	of	concern	

•  Inform	appropriate	cross-species	extrapola<on	&	focus	tes<ng	on	
species,	life-stages,	taxa	of	concern	

•  Aid	a	strategic,	knowledge-driven	approach	to	evalua<ng	complex	
mixtures	

•  Iden<fy	cri<cal	knowledge	&	evidence	gaps	that	impede	applica<on	



EXAMPLE APPLICATIONS 
•  DEVELOPMENT OF ALTERNATIVE TESTING APPROACHES 
•  SUPPORTING TIERED TESTING STRATEGIES / IATA 
•  FRAMEWORK FOR ORGANIZING AND EVALUATING EVIDENCE 
•  QUANTITATIVE BMD ESTIMATION 
•  BIOACTIVITY-BASED ENVIRONMENTAL MONITORING 



TPO	
inhibition	

IYD	
inhibition	

NIS	
inhibition	

DIO1	
inhibition	

DIO2	
inhibition	

HT	assay	under	development	

HT	assay	under	development	

HT	assay	developed	
>1000	chemicals	screened	

HT	assay	developed	
>100	chemicals	screened	

HT	assay	developed	
>100	chemicals	screened	

ALTERNATIVE TESTING APPROACHES 



Introduction 

Iden<fy	assays	that	could	
be	incorporated	and	
establish	why	they	are	
relevant	

Song Y, Villeneuve DL, Toyota K, Iguchi T, Tollefsen KE. Ecdysone Receptor Agonism Leading to Lethal Molting 
Disruption in Arthropods: Review and Adverse Outcome Pathway Development. Environ Sci Technol. 2017 Apr 18;51(8):
4142-4157. doi: 10.1021/acs.est.7b00480.  

ALTERNATIVE TESTING APPROACHES 

https://aopwiki.org/aops/4 



Cyclooxygenase	
inhibi=on	

Ca2+	and	HCO3	
transport	to	
shell-gland	

lumen	impaired	

Eggshell	
thickness	
reduced	

Crushed	eggs,	
breeding	
failure	

Prostaglandin	
E2	

concentra=ons	
in	eggshell	

gland	mucosa,	
reduced	

High Throughput Screening 

In vivo – 96 h 
Avian reproduction study 
(OPPTS 850.2300; OECD 206) 
 
$>250,000  
>30 weeks to perform 

TIERED TESTING / IATA 



References 
Invertebrate tests are unlikely 
to drive criteria setting 

Aromatase	first	appears	in	
common	ancestor	to	amphioxus	
and	vertebrates	(Baker	2011).	
	
MIE	–	likely	applicable	to	most	
vertebrates	

Vitellogenesis-related	key	events	
likely	applicable	to	oviparous	
vertebrates	

Baker ME. 2011. Molec. Cell. Endocrinol. 334:14-20 

Hepatocyte	
Reduced	VTG	
produc=on	

Ovary	
Impaired	

Oocyte	Dev.	

Female	
Decreased	

ovula=on/spawn	

Popula=on	
Declining	
Trajectory	

Aromatase	
Inhibi=on	

Granulosa	
Reduced	E2	
synthesis	

Plasma	
Reduced		

circula=ng	E2	

SeqAPA
SS 

TIERED TESTING / IATA 



FRAMEWORK FOR ORGANIZING AND EVALUATING EVIDENCE 

AOP:88 
AOP:89 
AOP:77 
AOP:87 
AOP:79 
AOP:178 
AOP:81 
AOP:179 
AOP:181 
AOP:185 



Conolly RB, Ankley GT, Cheng W, Mayo 
ML, Miller DH, Perkins EJ, Villeneuve DL, 
Watanabe KH. Quantitative Adverse 
Outcome Pathways and Their Application 
to Predictive Toxicology. Environ Sci 
Technol. 2017 Apr 18;51(8):4661-4672. 
doi: 10.1021/acs.est.6b06230.  

Model-derived response-
response relationships for 
major KERs along the 
AOP. 
 
Steady state, after 
compensation assumed. 

Popula=on	
size,	

reduced	

A 
B 

C 

D 
E 

Equipotent concentration 
of reference chemical QUANTITATIVE 

BMD 
ESTIMATION 



APPLICATIONS 
Examples	are	not	comprehensive	
	
Some	of	the	most	prominent	
applica=ons	to	date	



An International AOP 
Development Program 

•  2011:		US	EPA/ORD	AOP	discovery	and	development	program	

•  2012:		OECD	AOP	development	programme	ini=ated	

•  2013:		First	guidance	document	–	developing	and	assessing	AOPs	

•  2014:		Case	studies	in	AOP	development	and	revised	guidance	



Principles of AOP Development 

1.	AOPs	are	not	chemical-specific	
• Not	trying	to	describe	what	a	single	chemical	does	

• Trying	to	describe	what	ANY	chemical	that	perturbs	the	MIE	with	sufficient	potency	and	dura=on	is	likely	to	do-	
Biological	mo=fs	of	failure	

• Describing	AOP	does	not	require	chemical-specific	informa=on.	
• Applying	those	mo=fs	in	a	predic=ve	context	requires	understanding	chemical-specific	proper=es	(e.g.,	potency,	
ADME)	that	dictate	the	magnitude	and	dura=on	of	perturba=on	at	the	MIE.	

Principles of AOP Development 

Volz	et	al.	2011.	Toxicol.	Sci.	123:	349-358	
Russom	et	al.	2014.	Environ.	Toxicol.	Chem.	33:	2157-2169	

AChE	
inhibi=on	

Mortality,	
increased	

Aceytocholine	in	
synapses,	

accumula=on	

Ataxia,	paralysis,	
induced	

Respiratory	
distress,	
increased	

Chlorpyrifos	
Diazinon	
Fenthion	

Parathion 
Malthion	

Aldicarb	
Carbaryl	

Propoxur 
Methomyl	

……….. 



2.	AOPs	are	Modular	

Key	Events	
(KEs)	

• FuncOonal	unit	of	observaOon/verificaOon	

• Observable	∆	biological	state	(measurable)	
• Essen=al	(but	not	necessarily	sufficient)	

• Descrip=on	
• Methods	for	observing/measuring	

• Taxonomic	applicability	

Principles of AOP Development 



• Molecular	ini=a=ng	event	(MIE)	–	A	specialized	type	of	KE	that	represents	
the	ini=al	point	of	chemical	interac=on,	on	the	molecular	level,	within	an	
organism,	that	results	in	a	perturba=on	that	starts	the	AOP.	

• Adverse	Outcome	(AO)	–	A	specialized	type	of	KE	that	is	generally	accepted	
as	being	of	regulatory	significance	on	the	basis	of	correspondence	to	an	
established	protec=on	goal	or	equivalence	to	an	apical	endpoint	in	an	
accepted	regulatory	guideline	toxicity	test.	

“Special	case”	KEs	

Principles of AOP Development 
2.	AOPs	are	Modular	



Key	Event	Rela<onships	(KERs):			
FuncOonal	unit	of	inference/extrapolaOon	

• Define	a	directed	rela=onship	
• Describes	the	condi=ons	and	likelihood	Keup	will	trigger		KEdown.	
• State	of	KEup	provides	some	ability	to	predict	or	infer	state	of	KEdown	

• Supported	by	plausibility	and	evidence	
• Quan=ta=ve	understanding	

KEupstream	 KEdownstream	

2.	AOPs	are	Modular	

Principles of AOP Development 



Increasing	level	of	biological	organiza=on	

stressor	

• Essen=al	but	not	necessarily	sufficient	

• Defines	the	condi=ons	under	which	up-stream	domino	will	
cause	the	next	in	the	sequence	to	fall	



Principles of AOP Development 

3.	Individual	AOPs	are	a	pragma<c	func<onal	unit	
of	development	and	evalua<on	

• By	conven=on	AOP	consists	of	a	single	sequence	of	
key	events	connec=ng	an	MIE	to	AO	(no	branches)	

• AOP	is	a	pragma=c	simplifica=on	of	complex	biology	

One	set	of	direc=ons	from	point	A	to	point	
B,	not	the	map	of	all	possible	routes	

Principles of AOP Development 

Hepatocyte	
Reduced	VTG	
produc=on	

Ovary	
Impaired	

Oocyte	Dev.	

Female	
Decreased	ovula=on/

spawning	

Popula=on	
Declining	
Trajectory	

Aromatase	
Inhibi=on	

Granulosa	
Reduced	E2	
synthesis	

Plasma	
Reduced		

circula=ng	E2	
	



Principles of AOP Development 

4.	For	most	real-world	applica<ons,	AOP	networks	are	the	
func<onal	unit	of	predic<on	

Diuron 
Imidacloprid 
Linuron 
Terbuthylazine 
2,4-D 
MCPP 
Propachlor ESA 
Butalbital 
Diclofenac 
Furosemide 
Gemfibrozil 
Ibuprofen 
Naproxen 
Phenobarbital 
Phenytoin 
Sulfamethoxazole 
Triclosan 
Acebutolol 
Albuterol 
Amitriptyline 

Chemicals	with	mul=ple	biological	ac=vi=es	 Exposure	to	mul=ple	chemicals	

AOPs	are	not	triggered	in	isola=on.		They	interact.	



Principles	of	AOP	Development	

4.	For	most	real-world	applica<ons,	AOP	networks	
are	the	func<onal	unit	of	predic<on	
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• By	building	modular	AOPs,	we	gradually	describe	
the	complexity	of	poten=al	interac=ons.	

• AOPs	meet	systems	biology	

4. For most real-world applications, AOP networks 
are the functional unit of prediction 

Principles of AOP Development Principles of AOP Development 



Aromatase	
inhibi=on	

17β-estradiol	
produc=on,	
reduced	

Plasma	17β-
estradiol	

concentra=on,	
reduced	

Hepa=c	Vtg	
synthesis,	
reduced	

Vtg	accumula=on	
in	oocytes,	
reduced	

Cumula=ve	
fecundity,	
reduced	

Plasma	Vtg	
concentra=on,	

reduced	

AOP	25:		Aromatase	inhibi=on	leading	to	reproduc=ve	dysfunc=on	(in	fish)	

An	AOP	network	is	an	assembly	
of	two	or	more	AOPs	that	share	
one	or	more	key	events.	



Principles of AOP Development 
5. AOPs are living documents 

• AOPs	are	a	way	of	organizing	exis=ng	knowledge	

• As	methods	for	observing	biology	evolve:	
• New	possibili=es	for	KEs	
• Ability	to	measure	KEs	with	greater	precision/accuracy	

• As	new	experiments	are	published:	
• Weight	of	evidence	suppor=ng	(or	rejec=ng)	KERs	grows	
• New	AOPs	and	new	branches	in	AOP	networks	discovered	

• There	is	no	objec=ve	“complete	AOP”	
• There	is	only	useful	or	not	useful	for	a	given	applica=on	

Principles of AOP Development 



Principles of AOP Development & The AOP-KB  

AOPs	are	modular	
• KEs	and	KERs	are	shared	by	mul=ple	AOPs	
• No	need	to	re-write	the	same	descrip=ons	over	and	over	
• Reusability	(best	prac=ces)	

AOPs	are	living	documents	
• KE	and	KER	descrip=ons	can	be	expected	to	evolve	over	=me	
• As	descrip=ons	are	updated	and	expanded	–	all	AOP	descrip=ons	
they	link	to	update	automa=cally	

• AOP	networks	for	predic<on	
• Entry	of	structured	informa=on	in	KB	allows	for	de-facto	assembly	of	
AOP	networks.	



KE Pages	

KER Pages	
•  Title	
•  Description	
•  Biological 

plausibility	
•  Empirical support	
•  Inconsistencies 

and uncertainties	
•  Quantitative 

understanding	

KE Pages	

•  Description	
•  Measurement/ 

detection	
•  Domain of 

applicability	AOP Page	

Aopwiki.org	
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