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• Allen, T. E., et al. (2014): ‘The adverse outcome pathway (AOP) conceptual framework has 
been presented as a logical sequence of events or processes within biological systems 
which can be used to understand adverse effects and refine current risk assessment 
practices in ecotoxicology.’1

• Ankley, G. T., et al. (2010): ‘An AOP is a conceptual construct that portrays existing
knowledge concerning the linkage between a direct molecular initiating event and an
adverse outcome at a biological level of organization relevant to risk assessment.’2

• Bal-Price, A., et al. (2015): ‘The Adverse Outcome Pathway (AOP) framework provides a 
template that facilitates understanding of complex biological systems and the pathways of 
toxicity that result in adverse outcomes (AOs).’3

• Becker, R. A., et al. (2015): ‘An Adverse Outcome Pathway (AOP) represents the existing 
knowledge of a biological pathway leading from initial molecular interactions of a toxicant 
and progressing through a series of key events (KEs), culminating with an apical adverse 
outcome (AO) that has to be of regulatory relevance.’4

ADVERSE OUTCOME PATHWAYS
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ADVERSE OUTCOME PATHWAYS

AOPs are made up of specific elements:

•A molecular initiating event is an interaction between the toxic substance and an organism, such as 
binding of the substance to a receptor or protein. This interaction begins the toxicity process.

•Key events after the molecular initiating event characterize the progression of the toxicity. Early key 
events can include changes in protein production or molecular signaling that occur in individual cells. 
Later key events can include altered tissue or organ function. The links between key events are described 
by key event relationships.

•Adverse outcomes may occur at individual or population levels. An adverse outcome for an individual 
organism can include disease, impaired development, or impaired reproduction. Population adverse 
outcomes can include changes in population structure or local extinction of a species
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• Flame retardants are chemicals which are added to many materials to increase their fire 
safety. 

• Many plastics are highly flammable and therefore their fire resistance is increased by adding
flame retardants in order to reduce the risk of fire.

• List of well known and examined Flame Retardants:
 TDCPP: Tris(1,3-dichloroisopropyl)phosphate

 TPhP: Triphenyl phosphate
 TBBPA: Tetrabromobisphenol A
 TCEP: tris(2-carboxyethyl)phosphine
 TNBP: Tri-n-butyl phosphate

 TCIPP: tris (1-chloro-2-propyl) phosphate
 TBOEP: Tris (2-butoxyethyl) phosphate

 EHDP: Ethane-1-hydroxy-1,1-diphosphonate
 TMPP: tris(methylphenyl) phosphate

• The selection of flame retardants was made on the basis of those for which enough 
toxicological data were found and the present toxicological concern

FLAME RETARDANTS
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LIST OF WELL KNOWN FLAME RETARDANTS

• TDCPP: Tris(1,3-dichloroisopropyl)phosphate                                TPhP: Triphenyl phosphate

• TBBPA: Tetrabromobisphenol A              TCEP: tris(2-carboxyethyl)phosphine TNBP: Tri-n-
butyl phosphate

TCIPP: tris (1-chloro-2-propyl) phosphate TBOEP: Tris (2-butoxyethyl) phosphate

• TMPP: tris(methylphenyl) phosphate
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The AOs that were identified of high importance included:

 Hepatotoxicity and liver cancer

 Reproductive toxicity (male tract formation and semen quality)

 Neurotoxicity (locomotor activity, neurobehavior/cognition in children)

AOs OF HIGH IMPORTANCE FOR FLAME RETARDANTS
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AOP 152: Interference with thyroid serum binding protein transthyretin and subsequent 
adverse human neurodevelopmental toxicity 

SEQUENCE TYPE EVENT ID SHORT NAME

1 MIE 957 Binding, Transthyretin in serum

2 KE 958 Displacement, Serum thyroxine (T4) from
transthyretin

3 KE 959 Increased, Free serum thyroxine (T4)

4 KE 960 Increased, Uptake of thyroxine into tissue

5 KE 961 Increased, Clearance of thyroxine from tissues

6 KE 281 T4 in serum, Decreased

7 KE 280 T4 in neuronal tissue, Decreased

8 KE 756 Hippocampal gene expression, Altered

9 KE 757 Hippocampal anatomy, Altered

10 KE 758 Hippocampal Physiology, Altered

11 AO 402 Cognitive Function, Decreased

A plausible mechanism for TPhP-, TBBPA-, TDCIPP- and TCEP-induced
effects on neurobehavior/cognition. 
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 Only particular development of AOPs of TNBP, TCIPP, TBOEP, EHDP,
TMPP has been found till now and an AOP scheme could not be developed.

 Several animal studies analyzing the neurotoxic effects of TBBPA reached
contradictory conclusions, ranging from LOAELs of 0.1 mg/kg/d in mice or
0.0064 µM in zebrafish to NOAELs of 1000 mg/kg/d in rats.

AOs OF HIGH IMPORTANCE FOR FLAME RETARDANTS
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AOP 34: Schematic represantion of our developmental strategy 
for building a network of AOPs
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 Current studies related to Cd neurotoxicity support the Cd relation to several key events
(KEs) that are part of AOP 17 (Oxidative stress and Developmental impairment in learning
and memory) and AOP 48 (ionotropic glutamatergic receptors and cognition) mostly related
to impaired learning and memory.

 The molecular initiating event (MIE) in this case is Cd binding to thiol/seleno-proteins
involved in physiological protection against oxidative stress. Key events along the AOPs are
induction of oxidative stress; decreased protection against oxidative stress; cell injury/death;
glutamate dyshomeostasis; increased generation of pre-inflammatory mediators;
mitochondrial dysfunction; neuroinflammation and neurodegeneration; and increased
intracellular Ca overload

NEUROTOXICITY LINKED TO CADMIUM
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NEUROTOXICITY LINKED TO CADMIUM
AOP 17: Oxidative stress and Developmental impairment in learning and memory
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NEUROTOXICITY LINKED TO CADMIUM
AOP 48:Ionotropic glutamatergic receptors and cognition
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NEUROTOXICITY LINKED TO CADMIUM

SEQUENCE TYPE EVENT ID SHORT NAME

1 MIE 957 Cd binding to thiol/seleno-proteins involved in 
physiological protection against oxidative stress

2 KE 958 induction of oxidative stress
3 KE 959 decreased protection against oxidative stress

4 KE 960 cell injury/death
5 KE 961 glutamate dyshomeostasis
6 KE 281 increased 

generation of pre-inflammatory mediators

7 KE 280 mitochondrial dysfunction
8 KE 756 neuroinflammation and 

neurodegeneration

9 KE 757 and increased intracellular Ca overload
10 AO 402 Impaired learning and memory
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