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Abstract: The greatest health care and pharmaceutical problemsteémainiadyerseédiug reactionsiand chemical
toxicities. Because of the extensive use of animal testing, éenventional toxicolegy approaches often do not
have the mechanistic insights required to relate molecular perturbationsto,their adverse biological outcomes.
To address this limitation, Adverse Outcome Pathiway architecture, is a sequence of causally related events
beginning with a Molecular Initiating Event{followed by, Key BEwvents, and ¢oncluding with an Adverse
outcome. This paper describes the construction and applications offAOPs in chemical risk assessment,
predictive toxicology, and regulatory déCision-making./More réeent developments, including quantitative
AOPs and AOP networks, have enhanced the ability toymodel biological complexity and dose-response
interactions. AOPs provide a solid mechanistic basis of toxi€ity prediction and allow the transition of modern
toxicology to non-animal, human-relevant testing systems, although barriers such as a lack of quantitative
data and regulatory acceptdbility stand.

Introduction

Adverse Drug Reactions (ADRs)are'amajor clini€al and toxicological concern. The WHO defines an ADR as
a response of a drug that is not intended‘andfioxious at dosages that are typically administered to humans to
prevent,«diagnose, or treat an illness [1]. By connecting molecular disruptions to clinical outcomes, AOPs
enhance predictiveitoxicology and lessen the need for animal testing. ADRs are primarily divided into Type
A and Type B, butbroadly differentiated by various parameters and are illustrated in Table 1 [2, 3].

Table 1: Classification of ADRs

Type Name Description Examples
A Augmented Dose-dependent -Anticoagulants leading to bleeding
B Bizarre Not dose-dependent -Hypersensitivity to anticonvulsants
C Chronic (Chemical) Due to long-term drug use -Hepatotoxicity led by paracetamol
D Delayed Could arise due to accumulation | -Teratogenicity due to phenytoin during pregnancy
E End-of-use Withdrawal effects -Rebound hypertension after stopping clonidine
F Failure Unexpected failure of therapy Antimicrobial resistance, oral contraceptive failure
. Genetic variations in enzymes, | Stevens-Johnson syndrome due to the HLA-B1502
G Genetic . .
transporters, etc. allele with carbamazepine
H Hypersensitivity Immune-mediated responses Serum sickness
I Immunological Hypersensitivity reactions Anaphylaxis, delayed rash.

Babu et al. Mediterr J Med Med Sci. 2026; 2(2): 67-77. doi: 10.5281/zenodo.00000000 Page 67


https://mmj.org.ly/
https://orcid.org/0000-0002-2135-3521
mailto:pratap.veeresh@gmail.com
https://orcid.org/0009-0009-3837-1978
mailto:peace@mundusconsult.com
https://orcid.org/0000-0001-6113-3868
mailto:peace@mundusconsult.com
http://creativecommons.org/licenses/by/4.0/

Mediterranean Journal of
Medicine & Medical Sciences

ISSN: 3107-2720
Mediterr ] Med Med Sci

doi: 10.5281/zenodo.00000000
https://mmj.org.ly

AIDR Classifications

(=4

Scverity

Onsct of cvent Typec of reaction Other causcs

Describes how
quickiy the cvent
started, ranmging
froam acutce to delay.

Categorizes the
reaction based on
its tvpe, such as
Ivpe A or type B

Indicates the
degree of harm
cansced, frorm rminor
to letiwal

Includes secondary
effects. idiosyncrasy.
and intolerance.

Figure 1: Classification of ADRs

ADRs may also be categorized by severity [4, 5], time of onset [5, 6], and
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Figure 3: ADRs classified based on time
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Figure 4: Miscellaneous ADRs
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Toxic reactions and mechanistic perceptions: Toxicity is defined as the ability of a substance to be harmful,
which is usually dose-dependent and depends on the duration of exposure and biological variability [10].
These reactions can be experienced in three broad situations, namely supratherapeutic doses, therapeutic doses
in metabolism of altered conditions, and cumulative exposure [11, 12].
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Figure 5: Toxic reactions
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Figure 7: Toxicity based on pharmacokinetic parameters
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Toxicity based on pharmacodynamics: due to overstimulation of the receptor at the intended receptor sites or
even in the transmission of the signal pathway, provided the drug exists at its therapeutic range level, as

illustrated in Figure 4 [18]. Examples: Bradycardia caused by the action of 0-blockers, respiratory depression
caused by opioids [2, 18].
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Immuno ] d hypersensitivity reactions: Drugs may act as haptens, triggering immune-
mediated hyp ivi 10ms [20, 21].
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Figure 10: Drug-induced hypersensitivity reactions
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Antidotes and mechanisms of action: An antidote overcomes the influence of a poison or a toxic substance.
Numerous processes of antidotes have been illustrated in Figure 7 [23,24].
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Figure 11: Mechanisms of different types of a es
a

Adverse Outcome Pathways (AOPs): An AOP is an analytical construct that characterizes a causally related chain
of events of varying degrees of biological organization that results in an ecotoxicological effect. The key factor in a
toxicological knowledge framework under construction to aid in the chemical risk assessment using mechanistic
reasoning is AOPs, and the sequential flow of AOP, using multiﬂq)mponents, is illustrated in Figure 8 [25, 26].
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AOPs provide a mechanistic framework hr£g molecular interactions to adverse biological outcomes,
thereby improving tox_lcl understandlng _and risk assessment [22, 25, 26]. Mechanistic insight: Replaces
black-box models by identifying causal biological pathways of toxicity [22, 26]. Alternative to animal testing:
Supports New Approach Methodologies (NAMs) for non-animal toxicology [22, 25]. Risk assessment:
Enhances regulatory decision-making through Integrated Approaches to Testing and Assessment (IATA) [25,
26). Hazard identification: Enables early detection of key events for prioritization and regulation of chemicals
[22, 25]. Evo and global efforts: The OECD’s AOP Development Programme (2012-2025) has
standardized AO struction. The AOP-Wiki and eAOP Portal are world databases on collaborative
development and proWide the transparency and reproducibility of mechanistic toxicology [22, 25].
Quantitative AOPs (qAOPs): They can even be used to predict dose-response relationships in combination
with exposure data. Recent advances have pushed AOPs to a quantitative domain, including dose response
information and probabilistic modelling as a predictor of the probability of certain outcomes [22, 26]. The
OECD AOP Knowledge Base, including AOP-Wiki and eAOP Portal, supports data sharing, pathway
development [ 25, 26], eAOP Portal [25, 27], and AOP Wiki standardization (Figure 13-15) [22, 25, 27].

Babu et al. Mediterr J Med Med Sci. 2026; 2(2): 67-77. doi: 10.5281/zenodo.000000 Page 71


https://mmj.org.ly/

Mediterranean Journal of
Medicine & Medical Sciences

ISSN: 3107-2720
Mediterr ] Med Med Sci

AOP-Wiki
Collaborative development of AOP
descriptions & evidence

http://acpwiki.

@

OECD
Effectopedia

Detailed development of
structured & computational
AOPs

.effectopedia.or

H oo
Commission
Intermediate Effects DB

PV

chemical-related
AOP components

in a regulatory
context

e.AOP.Portal

@)

OECD

Joint Research Centre

Swropaan
Commimion

AOP-KB

http://aopkb.oecd.org

AOPXplorer
Visualize attribute networks to
discover & explore AOPs

in a broader
context

Third party

Applications,
plugins

doi: 10.5281/zenodo.00000000
https://mmj.org.ly

Figure 13: AOP-Knowledge bas

AOPs  Key Events

A-O-P)-wiki

@ View Content
[ AOPs ] [

1

! | KEs/Assessments ‘

L]

¥

Biologi:

as organized in the AOP-KB.
Download Content
‘ Download Options |

Get Information

Who are we? v
Find out
Acknowledgements.

€

KEs/,

Key Events

ical

 Structures

Get access to the main elements of an Adverse Outcome Pathway

Assessm

ents.

Welcome to the Collaborative Adverse Outcome Pathway Wiki (AOP W|k|)

Version 2.7 was released on March 8. 2024. More details regarding the new release are available in the Ve

Interested in helping build or review AOPs? Please visit our page about you to AOP Forum here.

| x

)

Download our content and use it in your own work.

who supports our work.

Adverse Outcome Pathway Knowledge Base and
Affiliated Tools

AOP-KB Tools
%'t% t@.hq =) (A-O-P)-wiki
S
AOP Database m Side AOP Authoring tool

Schema & Content
AOP-.  AOP

LTSVl
Accessible AOP
Content
hosted at
aopwiki.org

AOP Forum: For
collecting community
perspectives on the
AOP AOP framework.
Other tools developed &
supported by the
community

§

Biological Structures

Figure 14: AOP- ssociation with certain tools

D

Contribute

You can be an author, reviewer or user

Register of AOP-Wiki — register
hor, starting a new
ontributiont

Become an AOP
adding your own

Start a new AOP

| More tips for AOP authors, tips, and best

Handbook practices for AOP development

Community

AOP Hub Get AOP related help
—|A°P ey Discuss AOP-related topics with other
Click here to browse.
vy P"Y—JTONS ‘I;:A';I‘om AOPs using tools developed by AOP

ask here!

Cooperation and Development); The
chemical risk assessment to
researchers (Figure 12) [

Mechanisms of Toxicological Responses

Toxicant Macromolecular Cellular Tissue/organ Organism Population
interaction response response response response
Chemical
propertie Re.ceptor -ll_gand Gene activation Alt_ered Lethality Structure
interaction physiology
« DNA binding < Protein = Disrupted » Impaired = Extinction
production homeostasis development
= Protein
oxidation = Altered
signaling = Altered tissue = Impaired
« Protein oxidation development/ reproduction
function

Figure 16: Actions of components in the AOP framework

U.S. Environmental Protection Agency (EPA): The EPA has been developing more and more the use of
Adverse Outcome Pathway (AOP), which seeks to enhance environmental and chemical risk assessment using
mechanistic data and high-throughput screening tools (Figure 14) [28]. These consequences can be human
health effects or effects on human survival, growth, and reproduction of wildlife species [26, 28].

European Food Safety Authority (EFSA) and European Chemicals Agency (ECHA): The European agencies
(EFSA) and (ECHA)use AOP-based frameworks, endocrine disruption and carcinogenicity [29] are some of
the key mechanistic events resulting in toxic effects and are collected as a database at the EFSA website, where
supportive tools like ML accompany the systematic review and critical examination of in vivo and in vitro

studies [29].

Babu et al. Mediterr J Med Med Sci. 2026; 2(2): 67-77. doi: 10.5281/zenodo.000000

Page 72


https://mmj.org.ly/

Mediterranean Journal of ISSN: 3107-2720 doi: 10.5281/zenodo.00000000
Medicine & Medical Sciences Mediterr ] Med Med Sci https://mmj.org.ly

Biological Pathway

Y ---0----0---@—>

Initial Molecular Cellular Key Event Key Event Adverse
Event Response Response 1 2 Outcome
of Interest
Disruption

Figure 17: Representation of AOP as a biological pathway A

VJer ol Eoro—S Search ﬂ Login 7 Register

JOURNALS ~ SUBJECTS ~

Volume 29, Issue 2

h
efsa supporTING S e February 2023

[ PUBLICATIONS 7748E
External scientific report | & Open Access
Development of Adverse Outcome Pathways relevant for the
identification of substances having endocrine disruptors S ki
properties Roforonces Rotatod Infarmation
Barbara Viviani € Elena Bernardini, Valentina Gabbai, Ambra Madcalon, Gloria Melzi, R ecouimen ded a
Miriam Micali, Marina Serafini, Emanuela Corsini, Roberto Cosimo Melcangi, Eugenio Scanziani
First published: 14 February 2022 | https://doi.org/10.2903/sp.efsa.2023.EN-7748 | Citations: 1 o"d:::;l:!e X

of having locrine

Disclaimer: The present document has been produced and adopted by the bedies identified above as
author(s). This task has been carried out exclusively by the author(s) in the context of a contract between
the European Foad Safety Authority and the author(s). awarded following a tender procedure. The

disruption properties Uracine
inoma as adverse

present document is published complying with the transparency principle to which the Authority is EFSA Parel on Plant Protection Products and
subject. It may not be considered as an output adopted by the Authority. The European Food Safety their Residues (PPR}

Authority reserves Its rights, view and position as regards the issues addressed and the conclusions =

reached in the present document, without prejudice to the rights of the authors. Antonio F. Hemandez-jerez

This publication is linked to the following EFSA journal articie: BELUesy Ak ismacl, Aoneuis ARcych;
ks = Philippe Berry, Tamara Coja.

= ARZOUMK el 2023 F7 4 a0l Sabine Duquesne. Andreja Rajkovic,
Amendment: The corrigenda concerns an editorial mistake {wrong affiliation of Elena Bernardini). To Mausice Mitlet, Olavi Pelkonen, Silvia Peper.
avoid confusion, the original version of the External Scientific Report has been removed from the EFSA Aude R. Tardif. Christopher ). Topping.
journal but is available on request. Annel viidentalk, Martin Wilks,
Amended: 23 February 2023 Gert F. Wozniak, Karine Angen

4

Reproductive Dysfunction in : tcome Pathways was officially accepted as AOP #23 by
the OECD [5, 26] 2 e i e of AOP: Female fish inhibition of Aromatase decoys

Reproductive Failure

Decreased reproductive success in fish,
affecting population health.

Oocyte Development Issues
Impaired development of oocytes, leading to
reproductive problems.

Impaired Vitellogenin Synthesis

Reduced synthesis of vitellogenin in the liver.
S

Lower Estradiol Levels

Decline in plasma estradiol, impacting reproductive processes.

Impaired Vitellogenin Synthesis

Reduced synthesis of vitellogenin in thee liver, essential for egg
development.

Aromatase Inhibition

Inhibition of the CYP19 enzyme, disrupting hormone balance.

Figure 19: Flowchart of aromatase inhibition leading to reproductive dysfunction in fish

Babu et al. Mediterr J Med Med Sci. 2026; 2(2): 67-77. doi: 10.5281/zenodo.000000 Page 73


https://mmj.org.ly/

Mediterranean Journal of ISSN: 3107-2720 doi: 10.5281/zenodo.00000000
Medicine & Medical Sciences Mediterr ] Med Med Sci https://mmj.org.ly

Significance: The regulatory bodies, like the USEPA and OECD, have extensively applied it in the screening
of environmental chemicals and identification of hazards [22, 25, 31]. Covalent Protein Binding and Resulting
Liver Injury (Drug-Induced Liver Injury -DILI): The acetaminophen overdose is a classic example used in
mechanistic toxicology and development of AOP [14, 30]. AOP Title: Covalent Binding of Reactive
Metabolite Hepatocellular Death Liver Failure Chemical Stressor: Acetaminophen (paracetamol) at overdose
levels, AOP sequence.

Progression to Liver Failure

Liver Failure

Drug-induced liver injury leading

to acute liver failure
Hepatocyte Necrosis

Hepatocyte necrosis/apoptosis

AT P Depletion

ATP depletion and loss of membrane potential

ATP Depletion

AT depletion and loss of membrane potential

Mitochondrial Dysftunction

Mitochondrial dysfunction and oxidative stress

Protein Binding

Covalent binding to cellular proteins

NAPOI Formation

Formation of a reactive metabolite

otein bin@ading to liver injury -DILI

he prediction of hepatotoxic potential at an early stage

[22,26], which include: Biological plausibility: It indicates the logical and
of the connection between two important events, which are consistent to the current body
of biological knowlcdgg and on molecular biological, toxicological and physiological evidence to see that the
downstream occurrence is a reasonable outcome of the upstream change. Essentially, it determines the degree
of importance of a particular event to the occurrence of other outcomes. The essentiality is highly supported
with experimental studies involving genetic knockouts, enzyme/pathway blockers that inhibit the subsequent
key event. Empirical support is supported by empirical data, which shows a consistent, measurable, time-
dependent relationship between events in studies, species, or dose ranges. Together, these three elements-
plausibility, essentiality, and empirical evidence-determine how confident researchers and regulators can be
in an AOP’s validity, guiding its acceptance in predictive toxicology and risk assessment [25, 26].

Limitations and Doing Business with AOP-Based Toxicology: Although the Adverse Outcome Pathway
(AOP) paradigm represents a promising move towards mechanistic toxicology and predictive modelling, there
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are scientific, technical, and regulatory challenges to it and elimination of these challenges is key to the wider
application of AOP-based methods in toxicological studies and regulatory decision-making [22, 25, 26].
Incomplete Biological information: Incomplete biological understanding limits linkage between molecular
events and outcomes [22]. Example: Unknown downstream consequences of some disruptions of metabolic
enzymes [22].

Lack of Quantitative Data (qAOPs): Quantitative AOPs (qAOPs), which link dose—response and time-course

data, are still in early development and require extensive experimental and modelling efforts [25].

Single Chemical and Pathway Focus: Many AOPs characterize highly simplistic, linear pathways that are in
relation to a single chemical stressor and a distinct endpoint. Thus, it needs to develop AOP networks that can
capture biological complexity [26].

Validation and Regulatory Acceptance: Regulatory agencies may be re conduct risk evaluations

additional real-life case studies are required [25, 26].

Problems of Data Sharing and Harmonization: The lack 1 le, Accessible,
Interoperable, Reusable) data sets is a disadvantage for AOP

Resource-Intensive Development: AOPs development i i e of interdisciplinary
effort, skills in molecular biology, toxicology, computat i ssessment. Formal
endorsement, as conducted by international reg i onsuming and lead to delays in
the use of AOP-based tools [26].

8¢ of AOPs 111 risk-based decision-making. Training, Outreach, and Interdisciplinary
re success will rely on learning and competence development in the field of
us biology, and computational modelling.

Use. Prolong
Collaboration:
toxicogenomics, SyS

Global Collaboration and Open Science: Cooperation in the World and Free Science: International
harmonization of AOPs with shared databases (AOP-KB, Effectopedia) and shared development of AOPs.
Initiative: AOP-Wiki, community-based and collaborative tools of OECD [25].

Conclusion: The paradigm shift from conventional, observational toxicology to a mechanistic and predictive
science is shown by the AOP concept. AOPs offer a clear and organized method of comprehending toxicity at
the molecular, cellular, and organismal levels by outlining the sequential connections between Molecular
Initiating Events (MIEs), Key Events (KEs), and Adverse Outcomes (AOs). In line with international ethical
standards and the 3Rs-Replacement, Reduction, and Refinement, this systems-based approach not only
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increases the biological relevance of safety testing but also dramatically lowers reliance on animal
experiments. With the active participation of international regulatory bodies, including the U.S. EPA, ECHA,
and OECD, AOPs are becoming more widely acknowledged as a fundamental component of next-generation
chemical and pharmaceutical assessment frameworks. AOPs represent a shift toward mechanistic and
predictive toxicology by linking molecular events to adverse outcomes. Integration with qAOPs, Al, and
regulatory frameworks will enhance their application in drug safety and risk assessment.” In the end, industry,
academics, and regulators must work together to standardize procedures, improve data exchange, and advance
mechanistic validation if AOP implementation is to be successful. AOPs have the potential to transform
evidence-based toxicology through these collaborative developments, guaranteeing safer treatments, better
environmental protection, and better public health outcomes in the future.
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