
Journal of Alzheimer’s Disease Reports 6 (2022) 271–296
DOI 10.3233/ADR-220015
IOS Press

271

Review

Building a Network of Adverse Outcome
Pathways (AOPs) Incorporating the
Tau-Driven AOP Toward Memory Loss
(AOP429)

Maria Tsamou∗ and Erwin L. Roggen
ToxGenSolutions (TGS), Maastricht, The Netherlands

Received 22 February 2022
Accepted 15 May 2022
Pre-press 2 June 2022
Published 7 June 2022

Abstract. The adverse outcome pathway (AOP) concept was first proposed as a tool for chemical hazard assessment facilitating
the regulatory decision-making in toxicology and was more recently recommended during the BioMed21 workshops as
a tool for the characterization of crucial endpoints in the human disease development. This AOP framework represents
mechanistically based approaches using existing data, more realistic and relevant to human biological systems. In principle,
AOPs are described by molecular initiating events (MIEs) which induce key events (KEs) leading to adverse outcomes (AOs).
In addition to the individual AOPs, the network of AOPs has been also suggested to beneficially support the understanding and
prediction of adverse effects in risk assessment. The AOP-based networks can capture the complexity of biological systems
described by different AOPs, in which multiple AOs diverge from a single MIE or multiple MIEs trigger a cascade of KEs
that converge to a single AO. Here, an AOP network incorporating a recently proposed tau-driven AOP toward memory loss
(AOP429) related to sporadic (late-onset) Alzheimer’s disease is constructed. This proposed AOP network is an attempt to
extract useful information for better comprehending the interactions among existing mechanistic data linked to memory loss
as an early phase of sporadic Alzheimer’s disease pathology.
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INTRODUCTION

During the last decade, new approaches for as-
sessing chemical toxicity have been developed by
regulatory and academic bodies following the recent
technological advances. These new developments
represent more mechanistically based approaches,
shifting to more realistic and efficient strategies, rel-
evant to human biological systems. Considering the
technological advances, within the field of chemical
risk assessment, applying more predictive approaches
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can facilitate the determination of more accurate end-
points. Subsequently, more cost-effective, accurate,
and human relevant testing strategies can be applied
[1, 2]. The concept of adverse outcome pathway
(AOP) has been proposed to improve the human rele-
vance of chemical toxicity testing based on available
mechanistically relevant approaches using existing
human relevant data, resulting in a better understand-
ing of the adverse effects of exposure to various
chemicals [3].

During the BioMed21 workshop, the applica-
tion of AOPs has been suggested for mapping the
perturbation of normal human physiology during dis-
ease development [4, 5]. Notably, the AOP concept
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has been already proposed for the characterization
of crucial endpoints in the human pathogene-
sis of COVID-19 (https://ec.europa.eu/jrc/en/event/
webinar/intro-webinar-ciao-project). In compliance
with the Organisation for Economic Co-operation
and Development (OECD), guidance on the devel-
opment of the AOP concept is available, providing
assistance on defining, constructing, and assessing
the development of AOPs [6]. An AOP is character-
ized by a linear series of events, including a molecular
initiating event (MIE) triggered by a stressor, which
directly interacts with a biological target at molecular
level, followed by intermediate key events (KEs) at
cellular level, and ultimately leading to an adverse
outcome (AO) at an organism or population level
[3]. These KEs are linked to each other by key event
relationships (KERs) which describe the causal links
between a downstream event and an upstream event
based on existing biological knowledge. Biologi-
cal plausibility, essentiality and supporting evidence,
among the reduced modified set of Bradford Hill cri-
teria, are required for weighing the available evidence
[6, 7].

In addition, the development of AOP networks has
been proposed not only to improve understanding but
also in predicting adverse effects used in risk assess-
ment, research, and regulatory decision-making [8,
9]. The AOP networks are derived from existing indi-
vidual AOPs, available from the AOP knowledgebase
(AOP-wiki [6]), sharing common events. Hence, the
AOP network concept is believed to improve the
mechanistic understanding by providing insights into
possible interactions among individual AOPs. The
AOP-based networks can capture the complexity of
biological systems described by different AOPs, in
which multiple AOs diverge from a single MIE or
multiple MIEs trigger a cascade of KEs that converge
to a single AO [8].

Recently, a tau-driven AOP for the memory loss in
sporadic (late-onset) Alzheimer’s disease (sAD) has
been proposed [10]. In this AOP blueprint, several
environmental neurotoxicants were also suggested as
plausible MIE plug-ins, portraying possible chemical
interference with early sAD pathology. In more detail,
27 tentative MIEs triggered by different stressors,
including environmental chemicals and drugs, were
plugged into the proposed processes of the tau-driven
AOP under development (AOP429). It was hypoth-
esized that neurotoxicity and sAD pathology may
share common pathological processes [10]. Next,
this hypothesis was further confirmed by identifying
microRNA (miR)-gene interactions commonly reg-

ulated by the processes described in this tau-driven
AOP [11].

In this present manuscript, individual AOPs
listed in the AOP-wiki and sharing common pro-
cesses/events with the plausible tau-driven AOP are
assembled into networks. This AOP network concept
is an attempt to better understand the interactions
among existing mechanistic data linked to memory
loss as an early phase of sAD pathology. In addition,
this AOP network-based approach can also provide an
effective tool for using the already available knowl-
edge in order to predict same adverse effects of other
stressors which could trigger common key events
leading to memory loss.

METHODS

Selection of AOPs

We selected publicly available AOPs, endorsed
by OECD, from the AOP-wiki [6], with commonly
shared events, as those described by the proposed
tau-driven AOP toward memory loss. An exempli-
fied map of the tau-driven AOP was used for defining
the different events of interest at molecular, cellu-
lar, and organism level (Fig. 1). Thus, seven known
AOPs, namely AOP3 (inhibition of the mitochon-
drial complex I of nigro-striatal neurons leads to
parkinsonian motor deficits), AOP10 (binding to the
picrotoxin site of ionotropic gamma-aminobutyric
acid (GABA) receptors leading to epileptic seizures
in adult brain), AOP12 (chronic binding of antag-
onist to N-methyl-D-aspartate receptors (NMDARs)
during brain development leads to neurodegenera-
tion with impairment in learning and memory in
aging), AOP13 (chronic binding of antagonist to
N-methyl-D-aspartate receptors (NMDARs) during
brain development induces impairment of learn-
ing and memory abilities), AOP42 (inhibition of
thyroperoxidase and subsequent adverse neurodevel-
opmental outcomes in mammals), AOP48 (binding of
agonists to ionotropic glutamate receptors in adult
brain causes excitotoxicity that mediates neuronal
cell death, contributing to learning and memory
impairment), and AOP54 (inhibition of Na+/I-
symporter (NIS) decreases thyroid hormone (TH)
synthesis leading to learning and memory impair-
ment), were included. In Table 1, the detailed data of
the triggered MIEs, which can induce the KEs and
ultimately lead to the AOs of these selected AOPs,
are provided.
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Fig. 1. Schematic representation of the proposed tau-driven AOP for memory loss, presenting a starting point (bidirectional relationship
between glucose and cholesterol metabolism) which can trigger a cascade of key events (KEs) (mitochondrial dysfunction, oxidative
stress, hyperphosphorylated tau, dysfunctional autophagy, toxic tau oligomers, dysfunctional axonal transport, dysfunctional synapses,
neuroinflammation, and neuronal dysfunction), which eventually can lead to the adverse outcome (AO), memory loss (modified from [10]).

Besides the approved AOPs by OECD guidelines,
in AOP-wiki, relevant AOPs, still under develop-
ment, were also carefully looked up and found
to commonly share some of the affected events
represented by the tau-driven AOP: AOP16 (acetyl-
cholinesterase inhibition leading to acute mortality),
AOP17 (binding of electrophilic chemicals to SH
(thiol)-group of proteins and /or to seleno-proteins
involved in protection against oxidative stress dur-
ing brain development leads to impairment of
learning and memory), AOP26 (calcium-mediated
neuronal ROS production and energy imbalance),
AOP134 (Sodium iodide symporter (NIS) inhibi-
tion and subsequent adverse neurodevelopmental
outcomes in mammals), AOP152 (interference
with thyroid serum binding protein transthyretin
and subsequent adverse human neurodevelopmen-
tal toxicity), AOP279 (microtubule interacting
drugs lead to peripheral neuropathy), AOP281
(acetylcholinesterase inhibition leading to neu-
rodegeneration), and AOP405 (organo-phosphate
chemicals induced inhibition of acetylcholinesterase
(AChE) leading to impaired cognitive function).

RESULTS AND DISCUSSION

Building the AOP network for memory loss

According to the proposed tau-driven AOP, the
hypothetical starting point, glucose and cholesterol
dysmetabolism, can induce a series of intermedi-
ate KEs such as mitochondrial dysfunction (KE1),
oxidative stress (KE2), hyperphosphorylation of tau

(KE3), or dysfunctional autophagy (KE4), converg-
ing to formation of toxic tau oligomers (KE5). Next,
dysfunctional of axonal transport (KE6), synaptic
dysfunction (KE7), or neuroinflammation, can be
induced, resulting in neuronal dysfunction, which
eventually leads to memory loss (AO). Several neu-
rotoxicants/stressors [6, 10] can trigger MIEs, which
may induce a cascade of KEs, leading to AOs,
including memory loss or neurodegenerative-related
disorders, as illustrated in Fig. 2. Many neuro-
toxicants can potentially bind to molecular targets
(triggering MIEs), which in turn can induce cellu-
lar responses (intermediate KEs), and subsequently
be linked to the presented AOs, which are part
of different AOPs (either approved by OECD or
under development). In Table 2, several stressors with
their potentially targeted molecular events, induced
effects, experimental evidence, involved in differ-
ent events and/or AOPs, are given. By linking these
potential stressors to MIEs which in turn can induce
intermediate KEs and/or can be linked to the target
AO, memory loss, possible interactions among the
commonly affected events driven by different AOPs
can be identified.

Further, a potential network of AOPs, includ-
ing the seven approved AOPs (AOP3, AOP10,
AOP12, AOP13, AOP42, AOP48, and AOP54)
and the seven (still developing) AOPs (AOP17∗,
AOP26∗, AOP134∗, AOP152∗, AOP279∗, AOP281∗,
and AOP405∗) is built, displaying the events com-
monly shared by these AOPs and the tau-driven AOP
(Fig. 3). In this network, different MIEs, KEs, or AOs
are shown to be shared by individual AOPs. The AOs
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Fig. 2. Potential stressors linked to plausible molecular initiating events (MIEs), which induce a cascade of key events (KEs), leading to
adverse outcomes (AOs), including memory loss or neurodegenerative-related disorders, are provided. Stressors are indicated in yellow,
molecular targets of the MIEs in orange, KEs in blue, and AO in red color. The hypothetical starting point, glucose and cholesterol
dysmetabolism is shown in light blue color. The IDs of AOPs under development are shown in italics.

of these included under development AOPs, namely
AOP134∗, AOP152∗, AOP281∗, and AOP405∗, are
described by decreased cognitive function or neu-
rodegeneration, which are indirectly linked to the
AO of the tau-driven AOP429. Apparently, all shown
individual AOPs seem to share a common event,
either directly or indirectly.

In this proposed AOP network for neurodegene-
rative-related disorders or memory impairment, we
integrated plausible MIEs which are potentially trig-
gered by environmental neurotoxicants. Notably,
only few of these stressors, including fipronil, 1,3,5-
trinitro-1,3,5-triazine (RDX), endosulfan, and lead
(Pb) have been elsewhere reported to trigger MIEs of
the selected AOPs, confirming their potential involve-
ment in neurodegenerative disorders. In more detail,
fipronil, RDX, and endosulfan have been described as
potential stressors for binding at picrotoxin site, iGA-
BAR chloride channel (ID:667) leading to occurrence
of epileptic seizures (ID:613) in the AOP10, while Pb
for binding of antagonist, NMDA receptors (ID:201)
leading to neurodegeneration (ID:352) and learning
and memory impairment (ID:341) in the AOP12.

Among the presented AOPs, the AOP3 (AO:
parkinsonian motor deficits (ID:896)) shares
mitochondrial dysfunction 1 (KE:177) and neuroin-

flammation (KE:188), the AOP10 (AO: occurrence
of epileptic seizure (ID:613)) shares the neuronal
synaptic inhibition (KE:669), the AOP12 (AO:
neurodegeneration (ID:352), AO: learning and
memory impairment (ID:341)) shares neuroin-
flammation (KE:188), both AOP13 and AOP54
(AO: learning and memory impairment (ID:341))
share the decreased neuronal function (KE:386),
the AOP48 (AO: learning and memory impairment
(ID:341)) mitochondrial dysfunction 1 (KE:177),
decreased neuronal network function (KE:618) and
neuroinflammation (KE:188), with tau-driven AOP.
Although the AOP42 does not seem to share any
event with the tau-driven AOP, its AO (decreased
cognitive function (ID:402)) is highly relevant to the
memory loss, therefore, it is included in our network.

It is important to mention that some events of
the tau-driven AOP, such as glucose and cholesterol
dysmetabolism, dysfunctional autophagy, tau toxic
oligomers, and hyperphosphorylation of tau, have not
earlier been described in any of the existing AOPs in
AOP-wiki. In this network of AOPs, we presented
possible molecular targets for few of these not well-
defined events in the context of the AOPs. Such an
example, in the AOP3, its MIE, binding of inhibitor,
NADH-ubiquinone oxidoreductase (complex I), has
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Fig. 3. Network of AOPs linked to the proposed tau-driven AOP for memory loss (ID:429, under development). This network is assembled
of individual AOPs, available in AOP-wiki, sharing one or more events at molecular, cellular or organism level. Plausible molecular initiating
events (MIEs) plugged into this tau-driven AOP are depicted by possible molecular targets of the environmental neurotoxicants [10]. The
dotted lines indicate indirect links between the source and the target.

been also linked to glucose dysmetabolism via mito-
chondrial dysfunction. Other cases, in the AOP48, its
MIE, binding of agonist, ionotropic glutamate recep-
tors, such as NMDARs, and in the AOP10, its MIE,
binding at picrotoxin site, iGABAR chloride chan-
nel, have been also linked to synaptic dysfunction
and hyperphosphorylation of tau, respectively. These
connections among events of different AOPs may
support the usefulness of these networks for filling
the gaps in understanding how same stressors-MIE
interactions can lead to different adverse outcomes or
different stressors-MIE interactions can lead to same
adverse outcomes.

Despite the fact that some of the selected AOPs
in this proposed AOP network have not approved by
OECD yet, they can still provide useful information
relevant to the adverse outcome of concern, memory
loss. The available data for these AOPs still under
development may need reassessment for confirming
their potential involvement in the tau-driven AOP
after endorsement by OECD.

Moreover, this presented network of AOPs for
memory loss is consisting of individual AOPs which
have earlier been linked to memory or cognitive
related disorders, based on existing knowledge. These
AOPs are available in AOP-wiki, providing all
relevant information and allowing scientists to com-

ment or update them. Of course, the developed AOPs
are endorsed by OECD requiring extensive review of
the provided data by experts.

It is worth noticing that human studies were prior-
itized for the empirical support used for weighing the
links between the presented stressors and the poten-
tial MIEs, in this attempt to create this proposed AOP
network. However, most of the available studies for
the exposures of neurotoxicants have been performed
on animals. This limitation may lead to potential
weaknesses of our AOP network to adverse outcomes
such as memory loss in humans. More human data are
needed to further support the evidence for implicating
these neurotoxicants or plausible MIEs in memory
loss in humans.

CONCLUSIONS

The application of AOP network, using existing
data, can serve a useful tool for a better understand-
ing of the complexity of biological systems and for
predicting the adverse effects. A proposed AOP net-
work for the tau-driven AOP may help to contribute
into unravelling of the interactions among existing
mechanistic data linked to memory loss as an early
phase of sAD pathology.
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Chlubek D, Adamczyk A (2016) Perinatal exposure to
lead (Pb) promotes tau phosphorylation in the rat brain
in a GSK-3� and CDK5 dependent manner: Relevance to
neurological disorders. Toxicology 347-349, 17-28.

[67] Zhang J, Cai T, Zhao F, Yao T, Chen Y, Liu X, Luo
W, Chen J (2012) The role of �-synuclein and tau
hyperphosphorylation-mediated autophagy and apoptosis
in lead-induced learning and memory injury. Int J Biol Sci
8, 935-944.

[68] Huang Y, Liao Y, Zhang H, Li S (2020) Lead exposure
induces cell autophagy via blocking the Akt/mTOR sig-
naling in rat astrocytes. J Toxicol Sci 45, 559-567.

[69] Zhao Z-H, Du K-J, Wang T, Wang J-Y, Cao Z-P, Chen
X-M, Song H, Zheng G, Shen X-F (2021) Maternal
lead exposure impairs offspring learning and memory via
decreased GLUT4 membrane translocation. Front Cell
Dev Biol 9, 648261.

[70] Mohammadzadeh L, Abnous K, Razavi BM, Hos-
seinzadeh H (2020) Crocin-protected malathion-induced
spatial memory deficits by inhibiting TAU protein hyper-
phosphorylation and antiapoptotic effects. Nutr Neurosci
23, 221-236.

[71] Pant R, Katiyar SK (1983) Effect of malathion and
acetylcholine on the developing larvae ofPhilosamia ricini
(Lepidoptera: Saturniidae). J Biosci 5, 89-95.

[72] Akbel E, Arslan-Acaroz D, Demirel HH, Kucukkurt I,
Ince S (2018) The subchronic exposure to malathion,
an organophosphate pesticide, causes lipid peroxidation,
oxidative stress, and tissue damage in rats: The protective
role of resveratrol. Toxicol Res 7, 503-512.

[73] Chang SH, Lee HJ, Kang B, Yu KN, Minai-Tehrani A,
Lee S, Kim SU, Cho M-H (2013) Methylmercury induces
caspase-dependent apoptosis and autophagy in human
neural stem cells. J Toxicol Sci 38, 823-831.

[74] Farina M, Rocha JBT, Aschner M (2011) Mechanisms
of methylmercury-induced neurotoxicity: Evidence from
experimental studies. Life Sci 89, 555-563.

[75] Yuntao F, Chenjia G, Panpan Z, Wenjun Z, Suhua W,
Guangwei X, Haifeng S, Jian L, Wanxin P, Yun F, Cai
J, Aschner M, Rongzhu L (2016) Role of autophagy
in methylmercury-induced neurotoxicity in rat primary
astrocytes. Arch Toxicol 90, 333-345.

[76] Rao KSP, Rao KVR (1984) Impact of methyl parathion
toxicity and eserine inhibition on acetylcholinesterase
activity in tissues of the teleost (Tilapia mossambica) — a
correlative study. Toxicol Lett 22, 351-356.

[77] Harischandra DS, Jin H, Anantharam V, Kanthasamy
A, Kanthasamy AG (2015) �-Synuclein protects against
manganese neurotoxic insult during the early stages of
exposure in a dopaminergic cell model of Parkinson’s
disease. Toxicol Sci 143, 454-468.

[78] Malecki EA (2001) Manganese toxicity is associated with
mitochondrial dysfunction and DNA fragmentation in rat
primary striatal neurons. Brain Res Bull 55, 225-228.

[79] Zhang J, Cao R, Cai T, Aschner M, Zhao F, Yao T, Chen
Y, Cao Z, Luo W, Chen J (2013) The role of autophagy
dysregulation in manganese-induced dopaminergic neu-
rodegeneration. Neurotoxic Res 24, 478-490.

[80] Aminov Z, Haase RF, Pavuk M, Carpenter DO, Annis-
ton Environmental Health Research C (2013) Analysis of
the effects of exposure to polychlorinated biphenyls and
chlorinated pesticides on serum lipid levels in residents of
Anniston, Alabama. Environ Health 12, 108-108.

[81] Kamat PK, Rai S, Swarnkar S, Shukla R, Ali S, Najmi AK,
Nath C (2013) Okadaic acid-induced tau phosphorylation
in rat brain: Role of NMDA receptor. Neuroscience 238,
97-113.

[82] Kamat PK, Nath C (2015) Okadaic acid: A tool to study
regulatory mechanisms for neurodegeneration and regen-
eration in Alzheimer’s disease. Neural Regener Res 10,
365-367.

[83] Ray A, Liu J, Karanth S, Gao Y, Brimijoin S, Pope C (2009)
Cholinesterase inhibition and acetylcholine accumulation
following intracerebral administration of paraoxon in rats.
Toxicol Appl Pharmacol 236, 341-347.

[84] Huang M, Guo M, Wang K, Wu K, Li Y, Tian T, Wang
Y, Yan W, Zhou Z, Yang H (2020) HMGB1 medi-
ates paraquat-induced neuroinflammatory responses via
activating RAGE signaling pathway. Neurotoxic Res 37,
913-925.

[85] Wang X, Luo F, Zhao H (2014) Paraquat-induced reac-
tive oxygen species inhibit neutrophil apoptosis via a



296 M. Tsamou and E.L. Roggen / Network of AOPs Linked to Memory Loss

p38 MAPK/NF-κB–IL-6/TNF-� positive-feedback cir-
cuit. PLoS One 9, e93837.

[86] Cocco S, Secondo A, Del Viscovo A, Procaccini C,
Formisano L, Franco C, Esposito A, Scorziello A,
Matarese G, Di Renzo G, Canzoniero LMT (2015) Poly-
chlorinated biphenyls induce mitochondrial dysfunction in
SH-SY5Y neuroblastoma cells. PloS One 10, e0129481.

[87] Ku T, Chen M, Li B, Yun Y, Li G, Sang N (2017) Synergis-
tic effects of particulate matter (PM2.5) and sulfur dioxide
(SO2) on neurodegeneration via the microRNA-mediated
regulation of tau phosphorylation. Toxicol Res 6, 7-16.

[88] Kang YJ, Tan H-Y, Lee CY, Cho H (2021) An air
particulate pollutant induces neuroinflammation and neu-
rodegeneration in human brain models. Adv Sci 8,
2101251.

[89] Saenen ND, Plusquin M, Bijnens E, Janssen BG, Gyse-
laers W, Cox B, Fierens F, Molenberghs G, Penders J,
Vrijens K, De Boever P, Nawrot TS (2015) In utero fine
particle air pollution and placental expression of genes in
the brain-derived neurotrophic factor signaling pathway:
An ENVIRONAGE Birth Cohort Study. Environ Health
Perspect 123, 834-840.

[90] Chakra Reddy N, Venkateswara Rao J (2008) Biologi-
cal response of earthworm, Eisenia foetida (Savigny) to
an organophosphorous pesticide, profenofos. Ecotoxicol
Environ Saf 71, 574-582.

[91] Adaramoye OA, Akinwonmi O, Akanni O (2013) Effects
of propofol, a sedative-hypnotic drug, on the lipid profile,
antioxidant indices, and cardiovascular marker enzymes
in wistar rats. ISRN Pharmacol 2013, 230261.

[92] Williams LR, Aroniadou-Anderjaska V, Qashu F, Finne
H, Pidoplichko V, Bannon DI, Braga MFM (2011) RDX
binds to the GABA(A) receptor-convulsant site and blocks
GABA(A) receptor-mediated currents in the amygdala:
A mechanism for RDX-induced seizures. Environ Health
Perspect 119, 357-363.

[93] Pal R, Bajaj L, Sharma J, Palmieri M, Di Ronza A, Lotfi P,
Chaudhury A, Neilson J, Sardiello M, Rodney GG (2016)
NADPH oxidase promotes Parkinsonian phenotypes by
impairing autophagic flux in an mTORC1-independent
fashion in a cellular model of Parkinson’s disease. Sci Rep
6, 22866.
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