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A B S T R A C T

New Approach Methodologies (NAMs) are gaining significant momentum globally to reduce animal testing and 
enhance the efficiency and human relevance of chemical safety assessment. Even with substantial EU commit
ment from regulatory agencies and the academic community, the full regulatory adoption of NAMs remains a 
distant prospect. This challenge is further complicated by the fact that the academic world, oriented toward 
NAMs development, and regulatory agencies, focused on practical application, frequently operate in separate 
spheres. Addressing this disconnect, the present paper, developed within the European Partnership for the 
Assessment of Risks from Chemicals (PARC), provides a clear overview of both the available non-animal tests and 
current evaluation practices for genotoxic and carcinogenic hazard assessment, while simultaneously high
lighting existing regulatory needs, gaps, and challenges toward greater human health protection and the 
replacement of animal testing through NAMs adoption.

The analysis reveals a complex landscape: while the EU is deeply committed to developing and adopting 
NAMs, as outlined in its Chemical Strategy for Sustainability and supported by initiatives like PARC, prescriptive 
regulations such as Classification, Labelling and Packaging (CLP) and Registration, Evaluation, Authorisation and 
Restriction of Chemicals (REACH) still heavily mandate in vivo animal data for hazard classification, particularly 
for germ cell mutagenicity and carcinogenicity. This reliance creates a “too-short-blanket-problem,” where ef
forts to reduce animal testing may impact human health protection because of the current in vivo-based classi
fication criteria. In contrast, sectors such as cosmetics and certain European Food Safety Authority (EFSA)- 
regulated products demonstrate greater flexibility toward progressive integration of NAMs. While the deep 
mechanistic understanding of genotoxicity and carcinogenicity has significantly advanced the integration of 
alternatives to animal tests into regulatory chemical hazard assessment, their broader and full implementation 
faces considerable challenges due to both scientific complexities (i.e., the development and validation of fit-for- 
purpose NAMs) and existing legislative provisions.

1. Introduction

The use of chemicals in modern society, in almost all production 
processes, makes the chemical sector one of the most important and 

globalized industries. Chemicals are used in every material and all 
areas: from industry to healthcare, from agriculture to transport, from 
construction to energy, up to consumer products (detergents, cos
metics, medical and surgical aids, biocides, etc…), helping to improve 
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the quality of life. In parallel, national and international legislations 
are in place to assess the safety of chemicals and prevent hazardous 
substances from causing harm to human health and the environment. 
Currently, the amount and type of information required for chemical 
risk assessment in different frameworks may vary depending on the 
wide variety of chemical substances, products and applications. A 
common aspect in the assessment of many regulatory endpoints refers 
to the high relevance given to data from animal studies, despite the 
research on alternatives to animal testing has been active for decades 
(e.g., starting from Russel and Burch Replacement, Reduction and 
Refinement (3Rs) principles (Russel and Burch, 1959). Recently, the 
study and development of new approach methodologies (hereinafter 
referred to as NAMs), expressly designed to improve human health 
protection and reduce the use of animals for regulatory purposes, have 
gained new momentum both at the research and policy levels 
(Cattaneo et al., 2023; Escher et al., 2022; National Institute for Public 
Health and the Environment (RIVM), 2022, US EPA, 2018, US EPA, 
2021; Westmoreland et al., 2022; European Commission, 2020; US 
EPA, 2018). The term “NAM” generally refers to a wide range of 
methods, including in vitro tests, in silico models (e.g., (Quantitative) 
structure–activity relationship − QSARs, Physiologically Based Kinetic 
(PBK) models, in vitro to in vivo extrapolation (IVIVE) approaches, 
Artificial Intelligence (AI) based methods), high-throughput screening 
(HTS) bioassays, omics applications, advanced cell culture systems (e. 
g., 3D tissue models, organoids, organs-on-a chip) (Żuchowska et al., 
2024).

Although there is a perceived meaning of the term NAMs, as meth
odologies that support toxicity assessment under the 3Rs umbrella, it is 
worth noting that there is actually no complete agreement on the defi
nition in the scientific community and in different regulatory frame
works, as illustrated in Table A in the Supplementary Material. 
Differences in interpretation primarily concern whether NAMs should 
include only novel methods, whether their inclusion requires explicit 
adherence to the 3Rs principles or strictly non-animal approaches, and 
whether broader strategies such as read-across, Adverse Outcome 
Pathways (AOPs), and Integrated Approaches to Testing and Assessment 
(IATA) fall within the NAMs scope (Escher et al., 2022; ECHA, 2023a; 
Food and Drug Administration (FDA), 2024; Health Canada, 2023; 
ICCVAM, 2018; OECD, 2020; US EPA, 2021; US EPA, 2018). In any case, 
AOPs and IATAs are generally recognized as the foundational means 
through which information from NAMs can be cohesively integrated, 
allowing for a comprehensive assessment of the specific endpoint. As can 
be noted, the different definitions are broad and all-encompassing, such 
as they might include very different types of methods at very different 
levels of scientific and technical maturity and overall regulatory 
acceptability (Table A in the Supplementary Material).

Regarding the integration of NAMs into risk assessment, it is gener
ally expected to bring about a significant change in the way chemical 
safety is assessed. This change can be conceived as an “evolution,” such 
as an optimization of the current regulatory system by NAMs integration 
with − and progressive replacement of − traditional toxicological 
studies, or as a “revolution”, adapting legal and regulatory schemes to 
the use of NAMs (Burgdorf et al., 2019; Knight et al., 2021). In the 
evolutionary scenario, the focus is on using NAMs alongside traditional 
tests to provide mechanistic insights, refine hazard characterization, and 
improve the efficiency of risk assessment. On the other hand, the revo
lutionary scenario implies a shift in the focus from the observation of 
broad, macroscopic effects on animals to understanding the precise 
molecular and cellular mechanisms that drive toxicity in humans, to
wards a new animal-free paradigm often referred to as Next Generation 
Risk Assessment (NGRA) (Schmeisser et al., 2023). Actually, the tran
sition to NAMs based risk assessment may involve elements of both 
evolution and revolution. In fact, there is a need for progressive inte
gration, whilst also preparing for the potential of a more radical change 
in how risk assessment is carried out.

The European Union (EU), as outlined in its Chemical Strategy for 

Sustainability, is a key player deeply committed to developing and 
adopting NAMs (European Commission, 2020), with a lot of resources 
being implemented. Notably, the European Partnership for the Assess
ment of Risks from Chemicals (PARC) has been designed to address 
various challenges associated with innovating chemical risk assessment 
(Marx-Stoelting et al., 2023). Within PARC, a concrete proposal for a 
roadmap towards implementation of NGRA (Herzler et al., 2025) as the 
default risk assessment approach in various EU chemical legislations has 
been developed (i.e., the NGRA route (European Commission, 2023; 
PARC, 2023)), which is now supporting the establishment of the Euro
pean Commission (EC) “Roadmap Towards Phasing Out Animal Testing 
for Chemical Safety Assessments” (European Commission, 2023).

One of PARC’s objectives is to promote innovation in regulatory risk 
assessment by supporting the adoption of NAMs. This goal unfolds along 
different tracks, including the development and advancement of NAMs 
for regulatory hazard assessment and the development of new (quanti
tative) AOP, IATAs and Defined Approaches (DAs) as building blocks for a 
future NGRA framework. On the other hand, a bottom-up approach in
volves assessing and mapping the methodologies currently used for reg
ulatory risk assessment across relevant sectors, through a series of case 
studies. This line of work will help the identification of potential meth
odological knowledge gaps and needs, facilitating prioritization of further 
research and uptake of new approaches. Moreover, the results will sup
port streamlining and harmonizing evaluations of the same chemical 
substance across different EU laws, i.e., pushing towards a “one substance, 
one assessment” (OSOA) approach (European Commission, 2020).

The present paper reflects a comprehensive analysis, conducted 
within WP6.3 workstream of PARC, on current practices for the regu
latory evaluation of genotoxic and carcinogenic chemical hazard in 
several EU frameworks. The overall analysis carried on in the present 
study provides a comprehensive overview of the current landscape, 
identifying both the advancements made in integrating non-animal tests 
and the areas where further development, validation, and regulatory 
transformation are necessary to achieve a truly protective and animal- 
free EU regulatory system for genotoxicity and carcinogenicity hazard 
assessment.

2. Problem formulation and methodological approach

2.1. Problem formulation

Today, we are witnessing a major collaborative effort bringing 
together different actors, regulatory agencies and the academic com
munity among others, to support the development and implementation 
of NAMs in regulatory risk assessment. For this effort to be fruitful, it is 
of the utmost importance that the academic world, who is at the fore
front of creating the innovative tools, must be aware of the practical 
needs and constraints of the regulatory processes (Bearth et al., 2025). 
This paper aims to address this central theme, focusing on genotoxicity 
and carcinogenicity hazard assessment, by achieving the following 
objectives: 

- analyzing current regulatory practices in order to highlight the 
needs, gaps and challenges with regard to greater protection of 
human health and the replacement of animal testing.

- Understanding if and how current practices could be improved for 
greater efficiency and reduced reliance on in vivo testing through the 
introduction of NAMs. This in turn implies addressing two main 
goals: i) getting a clear picture of the available NAMs for the specific 
context, to determine if any are suitable to fill the gaps and meet 
existing needs and ii) assessing if and in which instances the use of 
NAMs is permissible within current legislation.

- Identifying short- and long-term goals for NAMs implementation in 
this specific context in order to prioritize resources and efforts.

Furthermore, the results of this work could potentially support 
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streamlining and harmonizing evaluations across different EU legisla
tive frameworks, i.e., pushing towards an OSOA approach. In addition, 
the information gathered when evaluating these two endpoints, for 
which the process of integrating alternative methods is already at an 
advanced stage, can inform a similar transition of other endpoints.

2.2. Methodological approach

This study is based on a mixed method approach: a systematic 
comparative analysis of genotoxicity and carcinogenicity assessment 
requirements in key EU chemical legislations, and an expert driven 
compilation and categorization of available non-animal testing methods 
and NAMs.

The search methodology adopted for the analysis of the state of the 
art of regulatory requirements concerning genotoxicity and carcinoge
nicity assessment within EU regulatory frameworks (Section 4) sys
tematically examined current regulatory evaluation practices by 
focusing on key EU regulatory bodies and their sector-specific legisla
tions and guidance. The primary sources of information included EU 
legislative documents and regulations relevant to chemical safety, 
including horizontal (e.g., Classification, Labelling and Packaging (CLP) 
and Registration, Evaluation, Authorisation and Restriction of Chem
icals (REACH) regulation) and sector-specific (e.g., food, cosmetics) 
laws as well as guidance documents and scientific opinions issued by 
relevant EU agencies and official EC scientific advisory bodies (e.g., 
European Food Safety Authority (EFSA) sectoral guidance documents, 
Scientific Committee on Consumer Safety (SCCS) Notes of guidance). All 
relevant legislative texts and official documents were considered 
eligible, provided they addressed the current state of regulatory prac
tices for hazard assessment of the two endpoints. The search excluded 
mixtures, unknown or variable composition, complex reaction products 
or biological materials (UVCBs), nanomaterials, pharmaceuticals and 
other specific types of substances not mentioned in the text. The 
assessment of these substances was not discussed in the analysis and 
comparison. The documents retrieved were searched for sections on 
genotoxicity and carcinogenicity evaluation, focusing on information 
requirements, on the potential to avoid in vivo testing and the potential 
for the use of NAMs. We also searched the documents for any impact 
each piece of legislation has on the others. The authors further discussed 
the resulting practices, drawing on their expertise across various regu
latory contexts. In the specific sub-sections of this paper (i.e., 4.x), 
narrative descriptions of the practices for each regulatory framework, as 
well as their schematic tabular and graphical representations, are 
reported.

In Section 3 of this paper, an expert driven compilation and cate
gorization of relevant non-animal testing methods (including NAMs) for 
genotoxicity and carcinogenicity assessment, is reported. This analysis 
was necessary to clarify the meaning of ’NAMs’ within a regulatory 
context that already features a very advanced integration of non-animal 
tests. The compilation is based on: 

- tests required in regulatory risk assessment, as detailed in the 
different legislative provisions and regulatory guidance, including 
tests that are no longer in use. The information was searched by 
accessing legal texts on the EU laws portal (https://eur-lex.europa.eu 
/homepage.html), the EC public health website (https://health.ec.eu 
ropa.eu/index_en), the European Chemicals Agency (ECHA, https:// 
echa.europa.eu/home) and EFSA (https://www.efsa.europa.eu/en) 
websites, the Organisation for Economic Co-operation and Devel
opment (OECD) test guidelines (TGs) for the Testing of Chemicals 
(https://www.oecd.org/en/topics/sub-issues/testing-of-chemical 
s/test-guidelines.html).

- tests and NAMs discussed in relevant regulatory contexts as reported 
in e.g., The SCCS Notes of guidance, the OECD work plan, and the 
reports from the International Workshops on Genotoxicity Testing −
IWGT.

Based on their description, the collected tests were categorised to 
distinguish between well-established non-animal tests for genotoxicity 
and carcinogenicity assessment, their recent evolutions including tech
nical advancements (e.g., same endpoint in different experimental 
conditions), and innovative risk assessment methodologies (e.g., 
different endpoint detected). For each test, information on the level of 
current regulatory acceptance status, such as availability of OECD TGs 
or other official validation documents or proposals (e.g., by EU Refer
ence Laboratory for alternatives to animal testing – EURL ECVAM), was 
documented in Table 1.

3. Non-animal methods and new approach methodologies for 
genotoxicity and carcinogenicity assessment

Genotoxicity and carcinogenicity are key endpoints for the risk 
assessment of all types of substances. Exposure to carcinogenic chem
icals through the environment, work or consumer products is among 
cancer risk factors that contribute to the rise in the global burden of 
cancer, making cancer the second leading cause of morbidity and mor
tality among non-communicable diseases (Madia et al., 2019). Exposure 
to genotoxic chemicals may cause DNA lesions that, if not properly 
repaired, may be fixed into gene mutations and chromosomal aberra
tions potentially leading to a variety of genetic disorders (Erickson, 
2010). Accumulation of DNA damage in somatic cells has been proposed 
to have a role in degenerative diseases such as cardiovascular and 
neurodegenerative conditions, premature aging and cancer. If germ cells 
are affected, spontaneous abortions, infertility or heritable diseases are 
expected.

Stemming from the somatic mutation theory of cancer (National 
Research Council US Committee on Chemical Environmental Mutagens, 
1983), research on alternatives to animal testing (hereinafter referred to 
as”alternative tests“) for the assessment of chemicals carcinogenicity, 
based on detecting interactions with and damage to the genetic material, 
dates back to the 70s (Ames Bruce, 1971; Benigni, 2012; Zeiger, 2004) 
Over time, this research has led to the development of many short-term 
in vitro tests (Benigni et al., 2010a). Although with mixed success, these 
alternative tests have been used massively in the genotoxicity and car
cinogenicity assessment of all types of substances, as substantiated, inter 
alia, by the availability of data from the dossiers submitted within 
REACH regulation (Regulation (EC) No 1907/2006, 2006) and EFSA 
pesticide regulation (Regulation (EU) No 283/2013, 2013) (Fig. 1)). 
Moreover, the electrophilic theory of chemical carcinogenesis (Miller 
and Miller, 1977) laid the foundation for understanding the structural 
determinants of genotoxic carcinogenesis, which later evolved into 
QSAR models and in silico applications (Benigni et al., 2010b).

All these methodologies in their essence can be considered as NAMs 
ante litteram and fit into NAMs definitions (see e.g., the definition of 
NAMs by ECHA, (ECHA, 2023a)). As a matter of fact, alternative tests, 
including in silico, are non-animal methods that have contributed and 
still contribute at the global reduction of the use of animal tests in 
genotoxicity and carcinogenicity risk assessment. These alternative tests 
assess key mechanistic events in the development of toxicity (genotoxic 
carcinogenicity in this case). It can also be recognized that these tests 
“do not produce the same information generated by the traditional an
imal test method. In fact, they are able to provide biologically relevant 
information and mechanistic insights that are more useful in the regu
latory decision-making process than the animal test method”, as per 
NAMs definition reported in van der Zalm et al. (van der Zalm et al., 
2022). As a consequence, alternative tests for genotoxicity, while not 
entirely ’new’ in their development, share common characteristics with 
NAMs and as such are sometimes included under NAMs umbrella (e.g., 
(Jagiello et al., 2022; US EPA, 2021)).

As for these premises, to avoid any potential confusion when dis
cussing NAMs, we have compiled, and categorized, a list of available 
non-animal tests, from established to emerging ones, relevant to geno
toxicity and carcinogenicity assessment (Table 1). Well established 
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Table 1 
List of non-animal test methods relevant for genotoxicity and carcinogenicity endpoints.

Type Title/ content Output Cell type/ 
organism

Category Regulatory 
endpoint

Validation status /comment on 
usability/References

Alternatives 
(In vitro)

Bacterial Reverse 
Mutation Test (OECD TG 
No. 471)

Gene mutations in bacterial cells Bacterial cells Gene mutation Mutagenicity 
(information 
requirment)

OECD TG adopted 1997; updated 
2020 (OECD Test Guideline No. 
471, 2020)

Alternatives 
(In vitro)

In Vitro Mammalian Cell 
Gene Mutation Tests using 
the Hprt and xprt genes 
(OECD TG No. 476)

Gene mutations in mammalian cells Mammalian cells 
(rodents/human)

Gene mutation Mutagenicity 
(information 
requirment)

OECD TG adopted 2016 
(OECD Test Guideline No. 476, 
2016)

Alternatives 
(In vitro)

In Vitro Mammalian Cell 
Gene Mutation Tests Using 
the Thymidine Kinase 
Gene (OECD TG No. 490)

Gene mutations in mammalian cells Mammalian cells Gene mutation and 
Chromosomal damage 
(structural)

Mutagenicity 
(information 
requirment)

OECD TG adopted 2016 
Mainly used to investigate gene 
mutation but the test is also able to 
provide information on 
chromosomal damage (i.e. small 
and large colony) (OECD Test 
Guideline No. 490, 2016)

Alternatives 
(In vitro)

In Vitro Mammalian 
Chromosome Aberration 
Test (OECD TG No. 473)

Chromosomal aberrations 
(structural)

Mammalian cells Chromosomal damage Mutagenicity 
(information 
requirment)

OECD TG adopted 2016 (Beal 
et al., 2023; OECD Test Guideline 
No. 473, 2016)

Alternatives 
(In vitro)

In Vitro Mammalian Cell 
Micronucleus Test (OECD 
TG No. 487)

Chromosomal aberrations (structural 
and numerical)

Mammalian cells Chromosomal damage Mutagenicity 
(information 
requirment)

OECD TG adopted 2016; updated 
2023 (OECD Test Guideline No. 
487, 2023)

Alternatives 
(In vitro)

In vitro Sister Chromatid 
Exchange Assay in 
Mammalian Cells 
(formerly OECD TG No. 
479)

Reciprocal exchanges of DNA 
between two sister chromatids of a 
duplicating chromosome

Mammalian cells DNA damage Mutagenicity 
(WoE)

OECD TG adopted 1986, Deleted 
2014 
Indication of DNA damage can be 
obtained from this test even if the 
OECD TG 479 has been deleted

Alternatives 
(In vitro)

DNA Damage and Repair, 
Unscheduled DNA 
Synthesis in Mammalian 
Cells in vitro (formerly 
OECD TG No. 482)

Synthesis of DNA outside the S-phase Mammalian cells DNA damage Mutagenicity 
(WoE)

OECD TG adopted 1986, Deleted 
2014 
Indication of DNA damage can be 
obtained from this test, able to 
detect only bulk DNA adducts

Alternatives 
(In vitro)

In vitro Comet assay 
(Standard and Enzyme- 
modified)

DNA damage Mammalian cells DNA damage Mutagenicity 
(WoE)

Useful for Mode of Action 
clarification. The assay is able to 
detect primary and secondary 
DNA damage (both single and 
double DNA breaks and 
intermediates in DNA repair 
processes, with the alkaline 
protocol); oxidised purines and 
pyrimidines on DNA with enzyme- 
modified protocol; double strand 
breaks with a neutral protocol. 
Possibility of high throughput 96- 
well format (CometChip). The test 
has been recently included in the 
OECD work plan for OECD TG 
programme, project n. 4.190  
(OECD Work plan, 2025; Scientific 
Committee on Consumer Safety, 
2023).

Alternatives 
(In vitro)

Cell Transformation Assay 
(Syrian hamster embryo 
cell transformation assays 
at pH 6.7 and at pH 7.0)

morphological cell transformation Syrian hamster 
embryo (SHE) 
cells

Carcinogenicity 
(genotox, non-genotox)

Carcinogenicity 
(WoE)

OECD Guidance Document No. 
214 (OECD Guidance Document 
No. 214, 2015) 
OECD detailed review paper 31  
(OECD, 2007). DB-ALM Protocol 
n◦ 136  
(https://tsar.jrc.ec.europa.eu/). 
The assays provide information 
about possible genotoxic and non- 
genotoxic carcinogenicity 
potential of the substance.

Alternatives 
(In vitro)

In vitro BALB/c 3 T3 Cell 
Transformation Assay

morphological cell transformation BALB/c 3 T3 Carcinogenicity 
(genotox, non-genotox)

Carcinogenicity 
(WoE)

OECD detailed review paper 31  
(OECD, 2007). DB-ALM Protocol 
n◦ 137 
(https://tsar.jrc.ec.europa.eu/)

Alternatives 
(In vitro)

In Vitro Bhas 42 Cell 
Transformation Assay

morphological cell transformation Bhas 42 Cell Carcinogenicity 
(genotox, non-genotox)

Carcinogenicity 
(WoE)

OECD Guidance Document No. 
231 (OECD Guidance Document 
No. 231, 2017) 
OECD detailed review paper 31  
(OECD, 2007)DB-ALM Protocol n◦

156  
(https://tsar.jrc.ec.europa.eu/)

(continued on next page)
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Table 1 (continued )

Type Title/ content Output Cell type/ 
organism 

Category Regulatory 
endpoint 

Validation status /comment on 
usability/References

NAMs / 
Evolution of 
alternatives

In vitro mammalian cell 
gene mutation tests using 
the Thymidine Kinase 
Gene

Gene mutations in mammalian cells Mammalian cells Gene mutation Mutagenicity 
(information 
requirment)

The sensitivity of the Mammalian 
Cell Gene Mutation Assay can be 
improved by the use of XRCC1− / 
− /XPA− /− TK6 cells (Ibrahim 
et al., 2020; Scientific Committee 
on Consumer Safety, 2023)

NAMs / 
Evolution of 
alternatives

In vitro PIG-A gene 
mutation assay

mutations at the endogenous 
phosphatidylinositol glycan anchor 
biosynthesis, class A gene

Lymphoblastoid 
human cell lines

Gene mutation Mutagenicity 
(WoE)

In vivo OECD TG available (OECD 
Test Guideline No. 470, 2022). 
Early stage in terms of safety 
testing and hazard identification. 
(Rees et al., 2017; Scientific 
Committee on Consumer Safety, 
2023)

NAMs / 
Evolution of 
alternatives

TGR cell-based assays in vitro transgenic rodent cell gene 
mutation assay

Transgenic rodent 
cells

Gene mutation Mutagenicity 
(WoE)

(White et al., 2019; Scientific 
Committee on Consumer Safety, 
2023)

NAMs / 
Evolution of 
alternatives

Miniaturized Ames test Gene mutation Bacterial cells Gene mutation/ 
prescreening

Mutagenicity 
(WoE)

Mutagenicity in bacterial cells, 
pre-screening ’miniaturized’ 
liquid version of the Ames test, 
allow higher throughput and use 
less test material. Colorimetric 
detection (Flamand et al., 2001)

NAMs / 
Evolution of 
alternatives

Multi-Endpoint 
Genotoxicity assay (i.e., 
MEGA-Screen)

The multi-endpoint genotoxicity 
assay is based on confocal 
microscopy and image analysis, 
followed by data processing in the 
open-source programming language 
R.

p53-competent 
A549 cell-line

Structural and 
Numerical 
chromosome 
aberrations and 
mechanistic 
information

Mutagenicity 
(WoE)

The approach is based on the 
simultaneous use of several 
biomarkers (i.e. total cell counts, 
detection of micronuclei, MN 
kinetochore labeling, γH2AX, cell- 
cycle analysis) (Dertinger et al., 
2019)

NAMs / 
Evolution of 
alternatives

3D Reconstructed Human 
Skin Comet assay

DNA damage 3D Reconstructed 
Human Skin

DNA damage(dermal 
exposure)

Mutagenicity 
(WoE)

OECD TG Ongoing, Project 4.139  
(OECD Work plan, 2025; Scientific 
Committee on Consumer Safety, 
2023) 
TSAR − Tracking System for 
Alternative methods towards 
Regulatory acceptance 
(https://tsar.jrc.ec.europa.eu/)

NAMs / 
Evolution of 
alternatives

3D Reconstructed Human 
Skin MN assay

Chromosomal aberrations (structural 
and numerical)

3D Reconstructed 
Human Skin

Chromosomal damage 
(dermal exposure)

Mutagenicity 
(WoE)

OECD TG Ongoing, Project 4.139 
ECVAM under evaluation 
TM2020-04 
(OECD Work plan, 2025; Scientific 
Committee on Consumer Safety, 
2023) 
TSAR − Tracking System for 
Alternative methods towards 
Regulatory acceptance 
(https://tsar.jrc.ec.europa.eu/). 
Considered as a ‘tier 2′ assay for 
dermally exposed compounds. To 
assess the potential of substances 
primarily associated with dermal 
exposure to cause DNA damage  
(SCCS (Scientific Committee on 
Consumer Safety, 2023).

NAMs / 
Evolution of 
alternatives

Hen’s egg test HET-MN Chromosomal aberrations (structural 
and numerical)

Fertilised chicken 
egg

Chromosomal damage Mutagenicity 
(WoE)

The fertilised chicken egg is a 
highly complex biological system, 
which is assumed to be 
physiologically closer to the in vivo 
situation than the 2D cell systems. 
The reflection of particular steps of 
ADME and the intrinsic metabolic 
capacity of the developing egg are 
the major advantages in 
comparison to classical cell culture 
systems. 
(JRC, 2020; Reisinger et al., 2019; 
Scientific Committee on Consumer 
Safety, 2023)

NAMs Error-corrected Next- 
Generation Sequencing 
(ecNGS) approaches

mutation frequency and 
characterisation of mutation 
spectrum

Any cell type Gene mutations and 
chromosomal 
aberrations

Mutagenicity 
(WoE)

OECD Ongoing, Project 4.175  
(OECD Work plan, 2025). Detailed 
Review Paper on the application 
ecNGS (Marchetti et al., 2023) for 
gene mutation evaluation. It can 
be run in parallel to any other 
toxicity assay and has the 

(continued on next page)
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alternative tests are reported as “alternatives in vitro”. Available 
computational prediction tools are reported as “alternative in silico” in 
Table B in the Supplementary Material. New methods based on varia
tions of existing ones (e.g., different protocols, advanced testing systems, 
in vitro variants of in vivo tests) are considered as NAMs and classified as 
evolution of alternative tests. Tests based on methodologies newly 
applied in risk assessment (e.g., omics methodologies) or based on new 
target endpoints, are reported as NAMs. Whilst the OECD TG are not yet 
available for the following methods, the in vitro Comet assay (Standard 
and Enzyme-modified) and the different types of cell transformation 
assays (CTAs), are reported among the alternatives in vitro. In particular, 
in vitro Comet assay has been recently approved as OECD project for 
development of OECD TG (OECD Work plan, 2025). CTAs have been on 
the scene for a long time (OECD Guidance document has been approved 
in 2015 and 2017 (OECD Guidance Document No. 214, 2015; OECD 
Guidance Document No. 231, 2017)), and only in 2025 the CTA was 
approved as OECD project for development of OECD TG. However, their 
regulatory use is still under discussion. The category of NAMs “evolution 
of alternatives” comprises the 3D reconstructed human skin Comet and 
micronucleus assays, both included in the work plan for the OECD TG 
Programme (OECD Work plan, 2025). With respect to classical cell 
culture systems, the 3D reconstructed human skin models are engi
neered tissues mimicking the physiological structure and function of 
native human skin, including epidermis and sometimes dermis. This 
allows for more in vivo-relevant testing conditions, especially for der
mally applied substances. Presently these tests are recommended as 
“higher tier” or follow-up assays after initial screening with more high- 
throughput 2D methods (Martus et al., 2020). Among the “evolution of 
alternatives”, emerging mammalian cell gene mutation assays are also 
included, such as the in vitro Pig-a gene mutation assay, in vitro assays 
based on cells from transgenic rodents (TGR), and assays using TK6 cells. 
The Pig-a assay is the in vitro variant of the in vivo Mammalian Eryth
rocyte Pig-a Gene Mutation Assay, whose OECD TG was recently 
released (OECD TG N. 470). Despite having possible advantages over 
others mammalian cell gene mutation assay (i.e., implementation on 
human cells, possible high-throughput capabilities, facility of in vitro-in 
vivo correlation of data obtained with the in vivo counterpart), the in vitro 
Pig-a was considered still at an immature stage (Scientific Committee on 
Consumer Safety, 2023). Mammalian cell gene mutation assays based on 

transgenic rodent cells are among emerging alternatives to traditional 
test systems. Presently, many different transgenic rodent derived sys
tems have been employed on many different chemicals (reviewed in 
(White et al., 2019)). Although these test systems have the potential to 
augment or replace existing in vitro mammalian cell mutagenicity as
says, the lack of harmonised protocols has been identified as a critical 
challenge to their regulatory use, hindering validation efforts (White 
et al., 2019). To enhance the performance of in vitro mutation tests with 
TK6, over 100 mutant sub-lines from TK6 cells have been studied to 
augment the sensitivity of the test and allow the investigation of modes 
of action of genotoxic effects. As an example, the XRCC1− /− /XPA− /−
TK6 variant has been categorized among “evolution of alternatives” in 
Table 1 (Ibrahim et al., 2020). The miniaturized Ames test is placed in 
the same category, representing an evolution of the Ames test in terms of 
higher throughput and reduced test material required for the analysis. 
The “miniaturization” primarily refers to moving from agar plates to 
liquid cultures in multi-well microplates. This typically involves a fluc
tuation assay format, where growth (indicating reversion) is detected by 
a change in a pH indicator dye. Finally, the “evolution of alternatives” 
category includes the Hen’s Egg test for Micronucleus Induction (HET- 
MN). The HET-MN test is considered a promising tool for genotoxicity 
assessment, offering a unique “intermediate” position between in vitro 
and full in vivo methods. Its ability to incorporate systemic exposure and 
endogenous metabolism is a significant advantage, particularly for 
screening purposes, even if its full regulatory acceptance is still evolving 
(Scientific Committee on Consumer Safety, 2023).

Among NAMs focusing on new endpoints, we reported: 

- The γH2AX/pH3 assay: this assay detects an extremely early event in 
the DNA damage response pathway that is the phosphorylation of 
histone H2AX. This event occurs very rapidly and extensively around 
DNA double-strand breaks, which can lead to genomic instability, 
chromosomal aberrations, and cell death, if not properly repaired. 
Combination with phosphorylation at histone H3, which indicates 
mitotic abnormalities or arrest, supports also aneugenicity detection. 
An OECD project developing a Detailed Review Paper and a Retro
spective Performance Analysis for the in vitro γH2AX/pH3 method is 
ongoing (OECD Work plan, 2025).

Table 1 (continued )

Type Title/ content Output Cell type/ 
organism 

Category Regulatory 
endpoint 

Validation status /comment on 
usability/References

potential to augment genotoxicity 
assessments by complementing 
the standard toxicity test battery 
(currently quite expensive and 
little diffused)

NAMs ToxTracker Gene expression Mammalian stem 
cells

DNA damage, 
oxidative stress, protein 
damage by flow 
cytometry analysis of 
fluorescent reporter 
genes

Mutagenicity, 
carcinogenicity, 
NGC (WoE)

OECD TG Ongoing, Project 4.125  
(OECD Work plan, 2025). SCCS  
(Scientific Committee on 
Consumer Safety, 2023). Insight 
into both genotoxic and non- 
genotoxic modes of action  
(Hendriks et al., 2024)

NAMs ɣH2AX/pH3 assay DNA damage Mammalian cell Structural and 
Numerical 
chromosome 
aberrations

Mutagenicity 
(WoE)

OECD ongoing project n. 4.168  
(OECD Work plan, 2025). 
DRP and a Retrospective 
Performance Analysis for the in 
vitro ɣ H2AX/pH3 method. 
Detection by flow cytometry 
(Khoury et al., 2013).

NAMs Transcriptomic (e.g., TGx- 
DDI and GenoMark)

transcriptomic biomarkers for 
genotoxicity

Mammalian cells Gene expression Carcinogenicity 
and genotoxicity 
(WoE)

Level of expression of genes 
involved in the repair of DNA 
damage, cell cycle control, cell 
death, etc (Fortin et al., 2023; 
Thienpont et al., 2024; Scientific 
Committee on Consumer Safety, 
2023)
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- Toxtracker: this assay uses multiple specific green fluorescent pro
tein reporter genes, each linked to a different cellular stress response 
pathway, allowing for mechanistic insights of the type of damage 
induced (e.g., direct DNA damage, oxidative stress, cellular stress, 
aneugenicity/clastogenicity). While some reporters are specific for 
direct DNA damage, others specifically monitor pathways involved 
in cellular stress responses that are key modes of action for non- 
genotoxic carcinogens (NGC). The pattern of activation of multiple 
green fluorescent signals is measured by flow cytometry. TG for 
Toxtracker assay is on the OECD Test Guidelines Programme (TGP) 
(OECD Work plan, 2025).

- Omics based methodologies: 
o error-corrected Next-Generation Sequencing (ecNGS): this tech

nology is an advanced application of next-generation sequencing 
that drastically reduces the intrinsic error rate of sequencing. 
ecNGS can directly quantify mutation frequencies and mutational 
spectra at endogenous genomic loci, rather than relying on specific 
reporter genes. This technique holds great promise both for mu
tation quantification and characterization, and as an early 
biomarker of carcinogenic potential (Lynch et al., 2023; Marchetti 
et al., 2023; Schuster et al., 2024; Zhang et al., 2025). A project 
developing a Detailed Review Paper of ecNGS for gene mutation 
evaluation is ongoing under the OECD TGP (OECD Work plan, 
2025).

o transcriptomics biomarkers: GENOMARK and TGx-DDI. These 
methods are based on transcriptomic profiling to detect gene 
expression changes resulting from chemical exposure. In partic
ular, transcriptional signatures related to genotoxic effects were 
developed. The Transcriptomic Genotoxicity − DNA Damage 
Inducing (TGx-DDI) biomarker, initially developed in TK6 cells, 
distinguishes DDI from non-DDI chemicals by analyzing the gene 
expression of 64 biomarker genes. GENOMARK consists of 84 
genes that identify genotoxicants in human HepaRG cells 
(Thienpont et al., 2024).

In general, NAMs listed in Table 1, are not expected singularly to 
replace animal testing. Among them, a few tackle in vivo-like situations, 
while others focus on higher throughput or augmented human rele
vance. Some NAMs address direct mutagenicity endpoints, while others 
measure early cellular responses to DNA damage. Different combina
tions of NAMs may be exploited together to refine equivocal in vitro 
traditional test results and clarify the mode of action of a genotoxic 
compound, in order to reduce recourse to in vivo testing or select the 
most suitable in vivo follow-up. The use of NAMs, in fact, is often 

considered within AOP frameworks, widely recognized as a source of 
information to guide the interpretation, generation and application of 
data from NAMs. However, especially for regulatory use, the question 
arises of how to standardize and validate, in addition to the NAM itself, 
the combination of evidence that generates the result, including the 
estimation of associated uncertainties. Several initiatives are addressing 
the problem, formulating concepts and defining frameworks for the 
integration of NAMs. It is worth mentioning among them, the OECD 
related efforts towards the development AOP-informed IATAs or DAs 
(OECD, 2025a). Moreover, within PARC several activities are focusing 
on development of IATAs and AOPs for mutagenicity and carcinoge
nicity (e.g., (Demuynck et al., 2025)). Integrated approaches and stra
tegies, published or under development (e.g., OECD, IATAs and AOPs), 
are collected separately in the Supplementary Material (Table C).

Currently, among tests listed in Table 1, only TG methods (i.e., 
methods described in an OECD TG) are generally accepted by regulatory 
agencies for the assessment of genotoxicity and carcinogenicity. Driven 
by the need to detect most of the types of DNA damage possibly induced 
by chemicals, the tests are implemented in strategies that show common 
elements among regulatory agencies. In general, an in vitro basic test 
battery combining mutagenicity tests which can detect both gene mu
tation and chromosomal damage represents the first step in the assess
ment (OECD, 2016). At this level, the most requested tests currently are: 

⋅ in vitro bacterial reverse mutation test (OECD Test Guideline No. 
471), the Ames test;

⋅ in vitro gene mutation test in mammalian cells (OECD Test Guideline 
No. 476, 2016; OECD Test Guideline No. 490, 2016) (in case the 
Ames test is not applicable to the substance e.g. for substances with 
significant toxicity to bacteria, not absorption by bacteria or for 
nanoforms);

⋅ in vitro mammalian cell micronucleus test (MN, (OECD Test Guide
line No. 487, 2023)) or Chromosomal Aberration tests (CA, (OECD 
Test Guideline No. 473)). The preferred request is for MN in vitro due 
to its ability to reveal, using the appropriate experimental condi
tions, both CA and aneuploidy.

As for the need to conduct in vivo tests, it varies considerably 
depending on the regulatory scope under which the substance under 
scrutiny falls, ranging from pesticides, where in vivo testing is always 
required, to cosmetics, where all in vivo tests have been banned in EU. In 
general, if there is some evidence of genotoxicity in vitro, in vivo assays 
should address the mutagenic endpoint found to be positive in the in 
vitro testing battery.

Fig. 1. Availability of in vitro test data for substances from REACH (ECHA CHEM database, left side) and b) EFSA pesticide regulation (EFSA genotoxicity database, 
right side, retrieved from the QSAR Toolbox version 4.6 (OECD, 2025b). Ames: Bacterial Reverse Mutation Test; UDS: Unscheduled DNA Synthesis test with 
mammalian cells; Micronucleus: In vitro Mammalian cell Micronucleus test; Chromosome Aberration: In vitro Mammalian chromosome aberration test; Gene Mu
tation: In vitro Mammalian cell gene mutation test; Comet: In vitro Mammalian Alkaline Comet Assay; SCE: Mammalian bone marrow Sister Chromatid Exchanges.
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The assays recommended for the in vivo testing are the following: 

⋅ in vivo Micronucleus Test (OECD Test Guideline No. 474, 2016), able 
to reveal both aneugenicity and clastogenicity, or in vivo Chromo
somal Aberration Test (OECD Test Guideline No. 475, 2016), only for 
clastogenicity.

⋅ TGR mutation assay, (OECD Test Guideline No. 488, 2022)) able to 
reveal gene mutation, or in vivo Comet assay (OECD Test Guideline 
No. 489, 2016), which reveals both clastogenicity and gene 
mutation.

This series of results, in addition to being required for the evaluation 
of genotoxicity, also serve as a pre-screening for carcinogenesis. The 
actual evaluation for carcinogenesis, which is triggered by these initial 
results or other findings (e.g., preneoplastic lesions observed in a sub- 
chronic toxicity study), is primarily based on the two-year rodent bio
assays (OECD Test Guideline No. 451, 2018; OECD Test Guideline No. 
453, 2018; OECD Test Guidelines No. 452, 2018). The criteria indicating 
the effective need to carry them out differ substantially between sectors. 
These studies, in addition to requiring a very large number of laboratory 
animals, are extremely time- and resource-consuming and their pre
dictive capacity has been strongly questioned (ECHA, 2023b; Madia 
et al., 2019).

Based on these premises, it can be recognized that the regulatory 
assessment of mutagenicity and carcinogenicity represents a context 
where the evolutionary scenario hypothesized above, i.e., non-animal 
tests are implemented alongside traditional animal experimentation, is 
already in place. In the following sections we will analyze the details of 
the processes in key EU regulatory contexts, to understand if and how 
they can be improved in terms of greater efficiency and less use of in vivo 
testing through the introduction of NAMs. Insights derived from 
analyzing a context that has already been in the evolution process for 
years will inform the evolution of other endpoints.

4. Genotoxicity and carcinogenicity regulatory assessment in EU

The EU regulatory framework consists of several pieces of cross- 
cutting/horizontal (e.g., (Regulation (EC) No 1272/2008, 2008; Regu
lation (EC) No 1907/2006, 2006) and sector-specific legislations (e.g., 
for worker safety, products control, specific chemicals, environmental 
protection). The following analysis critically examines the current reg
ulatory evaluation practices for genotoxicity and carcinogenicity hazard 
assessment within key EU regulatory bodies and sector-specific legisla
tions, focusing on the current possibilities and potential needs for 
implementing NAMs.

4.1. Chemicals under ECHA’s remit

ECHA is primarily responsible for the implementation of the EU’s 
cornerstones in chemicals legislation, the CLP and REACH Regulation. 
Its remit covers a vast range of industrial chemicals and chemical sub
stances across their entire lifecycle, ensuring broad industrial safety and 
environmental protection.

4.1.1. The CLP regulation
The CLP Regulation (Regulation (EC) No 1272/2008, 2008) estab

lishes legally binding hazard identification and classification rules. All 
chemical substances which are placed on the EU market must be self- 
classified by manufacturers, importers or downstream users according 
to CLP (Article 4.1). This obligation applies regardless of the tonnage 
and involves identifying the hazards of the substance or mixture and 
comparing the hazard information with the criteria laid down in CLP. If 

a substance already has a harmonised classification (i.e., an entry in 
Annex VI to CLP), this is legally binding and must be applied by 
companies.

The CLP Regulation serves as a horizontal reference point for most of 
the EU chemicals and chemicals-related legislations and, as such, en
sures a high degree of consistency of chemical hazard identification and 
classification (Fig. 2). Notably, CLP incorporates the classification 
criteria and labelling rules agreed at UN level, the Globally Harmonised 
System of Classification and Labelling of Chemicals (GHS). The mech
anism is such that any changes at the GHS level should also be trans
posed at the CLP level and vice versa.

It is worth noting that, whilst CLP applies to most industrial sectors, 
areas not covered by this regulation exist, mainly relating to radioactive 
substances and mixtures, cosmetics, medicines and certain medical de
vices, food and the transport of dangerous goods.

Information on intrinsic properties of substances, coming from 
REACH and other sectorial legislations could activate the classification 
process in CLP. Therefore, type and amount of information required in 
REACH processes of Registration and Evaluation and in sectorial legis
lations (e.g., pesticides regulation), highly interrelate with information 
requested to fulfil the criteria for classification established by CLP. 
Moreover, classification could trigger risk management measures as 
Authorization and Restriction within REACH and impact also on secto
rial legislations. Indeed, CLP is the basis for many legislative provisions 
on the risk management of chemicals. For example, the supply of sub
stances classified as CMR (Carcinogen, Mutagen and Reprotoxic sub
stances) category 1A/1B to the general public is restricted (entry 28, 29 
and 30 of the Annex XVII to REACH). Moreover, CMR substances 
(category 1A/1B) are present in Annex II to Regulation (EC) 1223/2009 
(Regulation (EC) No 1223/2009, 2009), where substances prohibited in 
cosmetic products are listed. In addition, the Toy Safety Directive 
(Directive 2009/48/EC, 2009) ensures that substances classified as a 
known, presumed or suspected carcinogen, mutagen or reproductive 
toxicant are not allowed in accessible parts of toys. CLP regulation can 
affect likewise the rules on Health and Safety at Work (Fig. 2).

This intimate interrelation among CLP and other pieces of legislation 
is such that information on hazard, collected for instance during REACH 
registration and evaluation processes, should allow for the (self)-clas
sification of the substance, also because it is not expected that any 
missing information could be generated within the classification 
procedure.

Presently, the different hazard classes for genotoxicity and carcino
genicity, are mainly based on effects on animals (Table 2).

As shown in Table 2, to classify a substance as mutagen, the muta
genicity potential to germ cells has to be investigated through appro
priated in vivo assays. At present the in vitro tests are conclusive (no 
classification is requested) only in case of negative results for gene 
mutation, chromosomal aberration and/or aneugenicity. In case of 
positive results even in only one of those assays the appropriated in vivo 
follow-up is mandatory to reach a conclusion. Currently, the revision of 
the criteria of germ cell mutagenicity classification is ongoing under the 
GHS umbrella, with support by the Organisation for Economic Cooper
ation and Development (OECD) (Project 4.157: Support to UN GHS for 
modification of germ cell mutagenicity criteria, (OECD Work plan, 
2025). This process can trigger a revision of the current CLP criteria.

Similarly, classification criteria for carcinogenicity are based on in 
vivo data (Table 2). In Annex I of the CLP it is reported that the classi
fication as carcinogen is based on human evidence, animal studies or 
data from a structural analogue. The critical point of the carcinogenicity 
evaluation is the evaluation of the strength of evidence of the data. In 
line with the terminology defined by the International Agency for 
Research on Cancer (IARC), evidence of carcinogenicity can be sufficient 
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or limited. In general, if there are positive studies in different species (i. 
e., mouse and rat), this is considered by default as sufficient1 evidence 
that can trigger category 1B. In some cases, it is possible to classify in 
category 1B even with a single study, if the tumor incidence is very high 
and observed in both sexes. Only if there are serious doubts on the 
reliability of these studies or about the relevance of the observed tumors 
for humans, the data are downgraded to limited evidence and category 2 
is applied. In any case, to classify a substance as carcinogen at least one 
in vivo carcinogenicity study performed according to the appropriate 
OECD guidelines is needed.

According to CLP criteria, there are currently no NAMs that could 
replace an in vivo mutagenicity or carcinogenicity test for classification 
purposes. An exception can be made for the application of read-across to 
a closely related substance or metabolite, that is, when available, the 
data on similar substances can also be used to classify the substance in 
the same category or in a lower category based on the robustness of the 
read-across prediction. In these cases, NAMs (e.g., in vitro CTAs or in 
silico predictions) could be used to provide information about the po
tential carcinogenicity/mutagenicity of the test substance when 
compared to a similar substance already classified.

While this option still implies the availability of in vivo studies on the 
analogue(s) substance(s), there is room for greater development and 
testing of NAMs, which can be used to strengthen the justification of 
read-across and increase its regulatory acceptability.

4.1.2. The REACH regulation
To comply with REACH regulation (Regulation (EC) No 1907/2006, 

2006), the primary cross-cutting legislation to manage the risks of in
dustrial chemicals manufactured or imported into the EU, companies 
must provide to ECHA a registration dossier containing information on 
the properties and hazards of substances. The standard information re
quirements, which are requested as a minimum to meet the registration 
obligations of REACH, depend on the quantity of the substance that is 
manufactured or imported into the EU. The data required by REACH 
regulation for different tonnages, together with appropriate adaptations, 
are reported in the annexes VII-XI to REACH. In general, the information 
requirements increase with increasing tonnage. Moreover, the REACH 
strategy for mutagenicity assessment implies that in vivo testing is 
foreseen only in the presence of in vitro positive results (Fig. 3).

This strategy has enabled great progress towards reducing animal 
testing in the assessment of genotoxicity endpoints. On the other hand, 
some areas of potential toxicity remain not covered. Notably, for low 
tonnage substances, amounting to nearly 50 percent of total registered 
substances (i.e., from 1 to 10t/y, Fig. 4), only Ames test is required as 
standard information. If the result is negative, no other information is 
requested. Consequently, a potential limit of this approach is the lack of 
data about the ability of the substance to exert other genotoxicity end
points, such as structural or numerical chromosome aberrations, as 
Micronucleus test or Chromosome Aberration test in vitro are requested 
only from 10t/y. Indeed, as reported in the REACH regulation (annexes 
VIII-X), tests for these endpoints are mandatory for substances produced 
or imported in quantities starting from 10t/y and above.

Concerning carcinogenicity evaluation, as reported in the Annex X to 
REACH regulation, a carcinogenicity study is requested only for sub
stances produced or imported in EU at very high tonnage (>1000 t/y), in 
case the substance has widespread dispersive use or with frequent/long 
term human exposure, is classified as germ cell mutagen category 2 or 
there is evidence from the repeated dose study(ies) (the latter are 
required by annex IX) that the substance is able to induce hyperplasia 
and/or pre-neoplastic lesions. If the substance is classified as germ cell 
mutagen category 1A or 1B, the assumption is that a genotoxic mecha
nism for carcinogenicity is likely. In these cases, a carcinogenicity test 

Fig. 2. Interrelationships between CLP and other legislation in the EU. FCM: Food Contact Materials

1 Sufficient evidence of carcinogenicity: a causal relationship has been 
established between the agent and an increased incidence of malignant neo
plasms or of an appropriate combination of benign and malignant neoplasms in 
(a) two or more species of animals or (b) two or more independent studies in 
one species carried out at different times or in different laboratories or under 
different protocols. An increased incidence of tumours in both sexes of a single 
species in a well-conducted study, ideally conducted under Good Laboratory 
Practices, can also provide sufficient evidence. A single study in one species and 
sex might be considered to provide sufficient evidence of carcinogenicity when 
malignant neoplasms occur to an unusual degree with regard to incidence, site, 
type of tumour or age at onset, or when there are strong findings of tumours at 
multiple sites.
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will normally not be required (Annex X to REACH regulation). The 
strategy as such highlights a potential protection gap, especially for NGC 
(Madia et al., 2019). Moreover, the fact that carcinogenicity tests are not 
standard information requirements under REACH, limits availability of 
carcinogenicity information that could inform CLP classifications. While 
the information can be retrieved through the substance evaluation 
process, this occurs rarely and it is very time consuming (Karamertzanis 
et al., 2019; Woutersen et al., 2019).

As a matter of fact, after the first ten years of REACH application, a 
lack in availability of data required to potentially classify substance in 
CLP class Mutagenicity/Carcinogenicity (Muta/Carc) 1A/1B has been 
reported (Karamertzanis et al., 2019; Woutersen et al., 2019).This issue 
may have partly been overcome, in the case of mutagenicity, by a recent 
amendment of REACH (Regulation (EU) 2022/477, 2022), which 
extended and clarified the information requirements of this endpoint. 
For instance, situations in which the Ames test can be replaced by an in 
vitro gene mutation test in mammalian cells (e.g. for substances with 

significant toxicity to bacteria, not taken up by bacteria, or for nano
forms), have been detailed. Importantly, to make in vivo studies 
compulsory from a legal point of view, some of the mutagenicity in
formation requirements have been slightly reworded, and some of the 
studies have been moved from column 2 of the Annexes (VII-X), which 
outlines specific rules for adapting the standard information re
quirements, to column 1 that establishes the standard information 
required. These apparently minor modifications are expected to greatly 
impact on the future availability of in vivo data for substances with in 
vitro mutagenicity positive results. As a consequence, although muta
genicity alternatives to animal testing are well developed, they are not 
sufficient to completely rule out the recourse to animal testing and 
indeed we are even moving towards an increase of in vivo tests requested 
under REACH for this endpoint.

Moreover, while testing of genotoxic carcinogens has a clear strategy 
and a similar approach across legislations, there is a regulatory gap for 
the identification of NGC which acts through a large variety of specific 

Table 2 
Classification criteria for genotoxicity and carcinogenicity.
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mechanisms. The common hallmarks of cancer include cell prolifera
tion, evading growth suppressors, resisting cell death, enabling repli
cative immortality, inducing angiogenesis, and activating invasion and 
metastasis (Hanahan, 2022). There is no agreed approach or test battery 
based on in vitro models as first screening for NGC. The OECD addressed 
this gap by establishing an expert group to develop an IATA of non- 
genotoxic carcinogens (Jacobs et al., 2020). Using the AOP concept, 

various cancer models were developed, and overarching mechanisms 
and modes of action were identified (Luijten et al., 2020). Among non- 
animal methods and NAMs for non-genotoxic carcinogens, CTAs and 
proliferation assays have been identified as pivotal downstream events 
in the process of tumorigenesis and suggested to enter in the OECD work 
plan towards establishment of OECD TG.

4.1.3. NAMs in ECHA
As under REACH testing on vertebrate animals is considered as a last 

resort to meet the information requirements for registration, the possi
bility of adapting the information requested is foreseen, rules for ad
aptations being part of the legal text (REACH Annex XI).

Indeed, the possibility of using NAMs is already explicitly foreseen in 
REACH as in vitro tests, QSARs, as well as strategies like grouping and 
read-across, or weight of evidence (WoE) approach are among adapta
tions allowed to fulfill the registration requirements. It should be noted, 
however, that in all cases “the information provided shall be adequate 
for the purpose of classification, labelling and/or risk assessment” 
(REACH Annex XI), which in practice translates into requiring infor
mation equivalent to that requested in the annexes VII-X.

From the report on alternatives, published by ECHA every three 
years, it can be deduced that registrants in general and especially for 
genotoxicity make extensive use of the possibilities provided by annex 
XI, with read-across being the most frequent option (ECHA, 2023c). 
From the report it is not possible to infer which is the rate of acceptance 

Fig. 3. Information requirements for mutagenicity according to REACH updated (Regulation (EU) 2022/477, 2022). Mamm: mammalian cells test; Som: somatic 
cells test; Germ: germ cells test. Text box accompanying figure 3: For substances above 1 tonne per year (t/y) (annex VII-X) an in vitro gene mutation study in bacteria 
(i.e., Ames test) should be performed. The recent REACH amendment (Regulation (EU) 2022/477, 2022) clarifies the situations in which the assay can be replaced by 
an in vitro gene mutation test in mammalian cells (e.g. for substances with significant toxicity to bacteria, not taken up by bacteria, or for nanoforms). From 10t/y and 
above (annexes VIII-X), additionally to the Ames test, an in vitro mammalian cell micronucleus test (OECD Test Guideline No. 487, 2023) or Chromosomal Aberration 
tests (OECD Test Guideline No. 473, 2016) must be conducted. As reported in the MSC 75 min (ECHA, 2021) the preferred request is for MN in vitro due its ability to 
reveal, using the appropriate experimental condition, both CA and aneuploidy. Furthermore, if these tests give negative results, an in vitro gene mutation test in 
mammalian cells (OECD Test Guideline No. 476, 2016; OECD Test Guideline No. 490, 2016) is also required. Depending on the positive/negative results of the above- 
mentioned in vitro tests, other studies should be performed or proposed by the registrant or may be requested by the Agency. For substances above 1t/y (annexes VII- 
X), if the Ames test gives positive results, an in vitro mammalian cell micronucleus test or Chromosomal Aberration test have to be conducted and adequate in vivo 
follow-up must be proposed or may be required by the Agency, to address the gene mutation and/or the chromosomal aberration concern (introduced in column 1 as 
information requirement from 100t/y and up, i.e. annexes IX and X). In vivo tests on germ cells mutagenicity, to address the chromosomal aberration concern and/or 
the gene mutation concern, should be submitted if there is a positive result in an available in vivo mammalian somatic cell genotoxicity study, which gives rise to 
concern, for substances above 10t/y (a second in vivo somatic or germ cells test could be envisaged in Annex X). Specifically, the Transgenic Rodent assay (OECD Test 
Guideline No. 488, 2022) can be used to reveal gene mutations in germ cells, whilst a Dominant Lethal (OECD Test Guideline No. 478, 2016) or a mammalian 
spermatogonial chromosomal aberration test (OECD Test Guideline No.483, 2016) can be used to reveal chromosomal aberrations. At present no test to reveal 
aneugenicity on germ cells is available (adaptation of OECD TG 489 in vivo comet assay for gonads is under development, OECD Project 4.156 (OECD Work plan, 
2025). In case of clear toxicokinetic evidence that neither the substance nor its metabolites reach the germ cells, the in vivo study on germ cells is not required. On the 
other hand, if the substance is already classified as carcinogen category 1A or 1B and appropriate risk management measures are in place, the in vitro and in vivo 
assays for genotoxicity are not required.

Fig. 4. Number of REACH registered substances (01.06.2008–30.09.2024) by 
tonnage bands (around 21,000 substances in total) (ECHA, 2025).
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of read-across and other adaptations proposals. However, it is reported 
that adaptations provided by registrants often fail to comply with the 
legal requirements and are inadequate to ensure the safe use of 
chemicals.

A detailed analysis of how many, which and why adaptations are 
accepted or rejected would help clarify and address their failures. In 
parallel, it would also help to outline room to manoeuvre within which 
to move, in order to increase acceptability of NAMs.

In the context of in silico models regulatory acceptability, a signifi
cant step forward has recently been made with the development of the 
QSAR Assessment Framework (QAF) (Gissi et al., 2024; OECD, 2024). 
The QAF, developed within an OECD project, provides a comprehensive 
and transparent workflow for models and predictions assessment, 
allowing a systematic and consistent evaluation. The application of QAF 
is expected to establish confidence around QSARs, ultimately improving 
their acceptability in the regulatory context.

While there are presently no NAMs that can replace current infor
mation requirements on a one-to-one basis, as a short-term goal, 
emerging science can be leveraged to support adaptations within the 
framework of Annex XI such as grouping, read-across, or in the context 
of WoE.

In most recent years, IARC has considered the key characteristics of 
carcinogens, including their in vitro genotoxicity, as a stream of evidence 
for the carcinogenicity of agents under evaluation (Supplementary 
Figure A). This illustrates the rising relevance of integrating the 
knowledge generated through non-animal methods. The IARC considers 
and integrates findings from three evidence streams: cancer in humans, 
cancer in animals and mechanistic evidence. For the two first streams 
the existent evidence is classified in sufficient, limited, inadequate or 
suggesting lack of carcinogenicity whereas regarding the mechanistic 
evidence the categories considered comprise: strong, limited or inade
quate mechanistic evidence. Concerning the strong mechanistic evi
dence, results in several different experimental systems are consistent, 
and the overall mechanistic database is coherent, further support can be 
provided by studies that demonstrate experimentally that the suppres
sion of key mechanistic processes leads to the suppression of tumour 
development. Quantitative structure–activity considerations, in vitro 
tests in non-human mammalian cells, and experiments in non- 
mammalian species may provide corroborating evidence but typically 
do not in themselves provide strong evidence. The considerations can go 
beyond quantitative structure–activity relationships to incorporate 
similarities in biological activity relevant to common key characteristics 
across dissimilar chemicals (e.g. based on molecular docking or –omics 
data). However, consistent findings across a number of different test 
systems in different species may provide strong evidence. More detailed 
information is provided by IARC (IARC, 2019). The overall evaluation 
by IARC for an agent classification is as follows: Group 1 (carcinogenic 
to humans), group 2A (probably carcinogenic to humans), group 2B 
(possibly carcinogenic to humans, and group 3 (not classifiable as to its 
carcinogenicity) (Supplementary Figure B).

Another process, currently adopted in ECHA, which involves the use 
of NAMs is embedded in the ECHA Integrated Regulatory Strategy (IRS, 
Fig. 5, (ECHA, 2024)). IRS is an informal decision-making process which 
aims at accelerating the identification of chemicals that need regulatory 
action. To efficiently select substances that raise potential concern, IRS 
has shifted its focus to groups of structurally related substances rather 
than individual substances (indicated as Grouping in the Fig. 5). In this 
context, NAMs (currently mainly QSARs) are exploited to screen more 
efficiently the pool of chemicals (from registrations and classification 
and labelling intentions). While structural similarity is the starting 
point, additional information, potentially coming from NAMs (e.g., 
using omics profiling), may be considered when forming the groups to 
delineate for example bioactivity similarity (Patlewicz et al., 2025; 
Rovida et al., 2021; Zhu, 2016).

4.2. Chemicals under EFSA remit

EFSA oversees the scientific safety assessment of products associated 
with the food chain, including substances used in feed and food (such as 
additives, enzymes, flavourings, nutrient sources), food contact mate
rials and pesticides as well as genetically modified organisms, chemical 
substances generated by food manufacturing processes and processing 
aids.

Under current legislation applicable in EU to foodstuff, no reference 
is made to any amount of substance that is exempted from testing, thus it 
is assumed that every substance should follow a safety assessment by 
EFSA, where genotoxicity and carcinogenicity are included. For evalu
ating the different types of substances, EFSA follows sectoral guidances 
in line with regulatory requirements by EU laws on foodstuffs (food 
enzymes (Regulation (EC) No (1332)/2008, 2008); food additives 
(Regulation (EC) No 1333/2008, 2008); food flavourings (Regulation 
(EC) No 1334/2008, 2008); novel foods (Regulation (EU) 2015/2283, 
2015); food contact materials (Regulation (EC) 1935/2004, 2004)). In 
some contexts, such as for Plant Protection Products (PPP) active sub
stances, testing requirements (including those for genotoxicity and 
carcinogenicity) are agreed by the European Commission and the 
Member States and incorporated into EU legislation (Regulation (EU) No 
283/2013, 2013). EU regulations and guidance documents relevant to 
EFSA regulated products are reported in Supplementary Table D.

With the intention of harmonizing as much as possible the geno
toxicity testing for risk assessment across EFSA’s Scientific Panels, EFSA 
Scientific Committee (SC) provided recommendations on testing strat
egy for genotoxicity assessment (EFSA Scientific Committee, 2021a, 
2017a; EFSA Scientific Committee, 2011). This genotoxicity guidance 
framework is currently under revision to incorporate the most up to date 
knowledge and define the role of new and updated non-animal ap
proaches, including NAMs (EFSA PC-1237, 2024). In addition, EFSA has 
announced a public consultation on its revised guidance concerning the 
margin of exposure approach for chemicals that exhibit both genotoxic 
and carcinogenic properties (EFSA PC-1047, 2024).

Currently, the minimum data requirements for genotoxicity evalua
tion, which is always required for food and feed safety assessment, are 
represented by the basic battery of in vitro tests (Fig. 6).

In the event of positive results from the basic battery, the SC rec
ommends ‘a documented WoE approach for the evaluation and inter
pretation of genotoxicity data’, taking into account not only the quality 
and availability of the data on genotoxicity itself, but also all other 
relevant data that may be available (EFSA Scientific Committee, 2017a; 
EFSA Scientific Committee, 2011). This process implies consideration of 
all evidence, such as physico-chemical characteristics, structure–activity 
relationships (including structural alerts for genotoxicity and read- 
across from structurally related substances), Absorption, Distribution, 
Metabolism, and Excretion (ADME) studies, and the outcomes of any 
repeated-dose toxicity and carcinogenicity studies, including evaluation 
of pre-existing or non-standard data. If, after such a review, a decision is 
taken that in vivo testing is necessary, tests should be selected on a case- 
by-case basis using expert judgement, with flexibility in the choice of 
test, guided by the full data set available for the substance. In vivo tests 
should relate to the genotoxic endpoint(s) identified as positive in vitro 
and to appropriate target organs or tissues.

Deviations from this common approach are requested for the 
assessment of PPP active substances, for which at least an in vivo test is 
always needed independently from the results obtained in vitro 
(Regulation (EU) No 283/2013, 2013). The use of structure–activity 
relationships methodology to raise a warning for in vitro negative sub
stances is mentioned as a trigger for further in vitro testing. Furthermore, 
specific guidance exists for assessing the genotoxicity of nanomaterials 
in food and feed (EFSA Scientific Committee, 2021b). Details on regu
latory practices on the genotoxicity testing of nanomaterials are fully 
discussed in a recent paper (Andreoli et al., 2025).

Concerning the assessment of genotoxicity in germ cells, specific 
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tests are not required by EFSA and the results obtained in vivo in somatic 
tissues are extrapolated to the germ cells (EFSA Scientific Committee, 
2011). A conservative approach is applied assuming that a compound 
showing systemic availability can also reach the germ cells. Therefore, a 
compound showing genotoxic activity in vivo is considered a germ cell 
mutagen being potentially hazardous to future generations, while a 
substance that is negative in somatic tissues in vivo is assumed to be 
negative in germ cells. In the case of PPP active substances, the necessity 
for conducting in vivo germ cells studies is considered on a case-by-case 
basis (Regulation (EU) No 283/2013, 2013).

A tiered approach is applied in general also regarding carcinoge
nicity assessment. Initially, together with the in vitro genotoxicity bat
tery, a modified 90-day toxicity test (OECD TG 408 (OECD Test 
Guideline No. 408, 2018) with extended parameters from the OECD TG 
407 (OECD Test Guidelines No. 407, 2008), is often requested (EFSA 

CEP Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies 
(NDA) et al., 2021; EFSA Panel on Food Additives and Nutrient Sources 
added to Food (ANS), 2021; EFSA CEP Panel, 2021; Regulation (EC) No 
1333/2008, 2008). Critical results of the subchronic study and/or the 
(geno)toxicity tests could trigger the need for carcinogenicity studies.

This approach does not apply to PPP active substances, for which a 
long-term carcinogenicity study in rat is always required (together with 
a second carcinogenicity study in mice, “unless it can be scientifically 
justified that this is not necessary” (Regulation (EU) No 283/2013, 
2013). In case of flavourings, the need for the subchronic study (as well 
as other in vivo studies, except genotoxicity) is conditional to the gen
otoxicity outcome, as it should only be performed if the genotoxicity 
concern has been ruled out (EFSA FAF Panel (EFSA Panel on Food Ad
ditives and Flavourings), 2022).

Other exception to the general tiered approach concerns plastic Food 

Fig. 5. ECHA’s Integrated Regulatory Strategy (modified from https://echa.europa.eu/irs-infographic).

Fig. 6. Scheme of genotoxicity testing strategy recommended by EFSA Scientific Committee (adapted from (EFSA Scientific Committee, 2011)).
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Contact Materials, where the need of toxicology tests depends on the 
amount of migration, going from a minimal dataset (the basic in vitro 
genotoxicity battery) for low migration (<0.05 mg/kg/food), to a full 
dataset, including carcinogenicity testing, in case of high migration 
(from 5 mg/kg/food to 60 mg/kg/food) (EFSA CEF Panel (EFSA AFC 
Panel EFSA Panel on Food Additives, Flavourings, Processing Aidsand 
Materials in contact with Food, 2008).

From what has been reported, it is worth pointing out that the in
formation collected by EFSA on regulated products is generally not 
intended to feed classification purposes, except in the case of PPP active 
substances. This is a non-negligible element with respect to the possi
bility of using assessment methods that are not strictly those foreseen by 
the hazard classes of the CLP regulation.

4.2.1. NAMs in EFSA
To date, compliance with the guidelines is the standard requirement 

for tests used in EFSA risk assessment. However, in practice EFSA is 
gradually adopting a more flexible/pragmatic approach. Thus, data 
from not formally validated tests will be still considered in a weight of 
evidence approach (EFSA Scientific Committee, 2017b; Escher et al., 
2022). A roadmap for action was recently proposed by EFSA to identify 
priorities towards the incorporation of NAMs into regulatory hazard and 
risk characterisation of chemicals in food and feed (Escher et al., 2022).

The short/medium term goal is to include NAMs in the standard 
battery of tiered testing strategies (Fig. 6) and assessment approaches for 
different endpoints in order to improve the knowledge on the mecha
nisms of action, reduce uncertainties associated with in vitro results and 
better design in vivo studies, to be considered in the end, as a last 
resource to complete the risk assessment (Corvi and Madia, 2017). As a 
longer-term goal, EFSA intends to move towards mechanistic risk 
assessment, using non-animal-based approaches for hazard and expo
sure assessment (Escher et al., 2022; Tarazona et al., 2022).

Presently, new methods not yet formally validated can be used in the 
WoE approach to reduce uncertainties and support conclusions on 
genotoxicity (EFSA Scientific Committee, 2017b). To this aim, indicator 
endpoints can be used to gain supporting information on modes of action 
(MoA), e.g, through detection of oxidative DNA damage (Collins et al., 
2023) or characterization of the content of micronuclei (EFSA Scientific 
Committee, 2021a). Moreover, several other methods are considered 
such as those detecting the interference with the machinery of chro
mosome segregation (e.g., through the analysis of the organization of 
the mitotic spindle), changes in the expression of genes involved in the 
repair of DNA (toxicogenomic methods) that may provide supporting 
information on the main genotoxicity effects (i.e., gene mutation, 
structural and numerical chromosomal damage). The evaluation of the 
results from non-guidelines methods is based on expert judgment on a 
case-by-case approach, considering the reliability and relevance of the 
studies (EFSA et al., 2023).

In addition, for the assessment of genotoxicity and carcinogenicity, 
EFSA allows the application of in silico methods (e.g., QSAR models) in 
the initial steps of hazard identification QSARs are typically used in 
combination with other non-testing approaches (such as Grouping and 
read-across) and testing methods (such as in vitro methods) in the 
context of WoE assessments.

In specific circumstances, QSARs may play a major role. In smoke 
flavourings assessment, if in silico predictions for an identified compo
nent and for its predicted or reported metabolites, do not identify 
structural alerts for genotoxicity endpoints and these endpoints are 
negative in a combination of independent and multiple QSAR models, 
no experimental genotoxicity testing is required (EFSA FAF Panel (EFSA 
Panel on Food Additives and Flavourings), 2021).

Concerning the toxicological potential (including mutagenicity/ 
genotoxicity and carcinogenicity) of contaminants potentially present in 
new botanical products introduced into the European food market, 
recently a database has been released by EFSA, i.e. the Compendium of 
botanicals (Nicova et al., 2025). Notably, the Compendium includes 

predictions from different QSAR tools supporting the identification of 
priority substances for further assessment.

Regarding the pesticide risk assessment, metabolites and degrada
tion products are often poorly characterized from a toxicological 
perspective, and in silico approaches have been proposed to identify 
those relevant to dietary risk assessment in the EFSA guidance (Guid
ance on the establishment of the residue definition for dietary risk 
assessment, (EFSA, 2016)). The EFSA guidance outlines a three-step 
procedure starting with genotoxicity assessment using QSAR models, 
grouping, and read-across approaches to determine whether further 
testing or general toxicity assessment is required (Benigni et al., 2019; 
EFSA, 2016).

4.3. Chemicals regulated under the EU cosmetics framework and NAMs 
in SCCS note of guidance

Cosmetic products are regulated under Regulation (EC) No 1223/ 
2009 which imposes animal testing ban for cosmetics ingredients, or 
combinations, and on finished cosmetic products (Regulation (EC) No 
1223/2009, 2009). Integral to the regulation are the Annexes, which 
detail specific lists of substances either prohibited or restricted in 
cosmetic products. For instance, in Annex 2 to the regulation, prohibited 
substances are listed, including substances classified as CMR under CLP.

The SCCS is responsible for carrying out safety evaluations of 
annexed substances, and of substances with safety concerns, possibly 
concluding on their safe cosmetic use. SCCS also develops and keeps up 
to date the ‘Notes of Guidance for the Testing of Cosmetic Ingredients 
and Their Safety Evaluation’(NoG), containing a set of guidances to be 
considered by Applicants when developing safety dossiers for cosmetic 
ingredients.

In compliance with the restrictions on animal testing, all available 
scientific data must be considered and integrated following the recom
mendations reported in the NoG. Indeed, animal studies on mutage
nicity or genotoxicity are considered acceptable when data are already 
available from tests conducted prior to the animal testing ban, or when 
they are generated to comply with other legislative frameworks unre
lated to cosmetics. Notably, in the last update of the NoG (Scientific 
Committee on Consumer Safety, 2023) special attention is paid to NAMs.

For mutagenicity assessment, SCCS recommended strategy is depic
ted in Fig. 7. In the initial step, data from predictive methods (e.g. read- 
across, chemical categories, QSARs or other in silico predictions), and 
other available toxicological data must be considered. The core in vitro 
testing strategy reflects the strategy also implemented in other regula
tions. In fact, the base-level testing of cosmetic substances is represented 
by a Bacterial Reverse Mutation Test (OECD TG No.471) or, if not 
suitable, a Mammalian cell gene mutation assay (OECD TG No. 476, 
OECD TG No. 490) and an in vitro Micronucleus Test (OECD TG No. 
487).

In case of clearly negative results in both tests, the substance is 
considered not genotoxic/mutagenic, whilst if at least one test is clearly 
positive, the substance will be considered as positive, and no further 
testing is considered necessary in both cases. If equivocal or in case of 
indication of false negative (e.g., lack of cellular uptake) or false positive 
(e.g., bacteriotoxicity) results in any of the main tests are highlighted, a 
Toolbox for the follow up in vitro is applied, for further evaluation.

The Toolbox considers additional in vitro tests, such as the 3D 
reconstructed human skin Comet and micronucleus assays, the enzyme- 
linked comet assay, or the Hen’s Egg test for Micronucleus Induction 
(HET-MN), in a WoE approach. Other tools supporting this approach are 
the reporter gene assays (i.e., GreenScreen HC, BlueScreen HC, Tox
tracker), the transcriptomics analysis in TK6 cells, HepG2 cells or Hep
aRG™ cells, the γH2AX assay, or assays that simultaneously analyse 
different biomarkers (i.e., the MultiFlow and the Multi-Endpoint Gen
otoxicity Assay − MEGA-Screen system) (Scientific Committee on Con
sumer Safety, 2023). The OECD is developing guidelines for 3D skin 
comet assays and micronucleus assay as well as for the Toxtracker 
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(OECD Work plan, 2025).
Advanced exposure models allow to test compounds using specific 

routes of exposure. Advanced models, such as 3D reconstructed skin 
models simulate human skin’s response to dermally applied cosmetic 
products mimicking the complexity of human skin, including in
teractions between different skin layers and cells. Studies, such as the 
one conducted by Pfuhler et al. (Pfuhler et al., 2021), revealed a high 
correlation with in vivo outcomes, demonstrating sensitivity, specificity, 
and overall accuracy in assessing genotoxicity. An analysis of a testing 
strategy using both the reconstructive skin micronucleus as a follow-up 
test for substances positive in standard in vitro chromosomal aberration 
assays and a comet assay for substances with positive results in standard 
gene mutation assays, resulted in a sensitivity of 89 %. The skin model 
demonstrated sufficient metabolic activity to activate pro-mutagens. 
Additionally, more complex tissue-like structures allow to detect not 
only primary but also secondary genotoxicity which is mediated by 
other cells (i.e., macrophages), confirming the assay’s reliability for 
dermal exposure genotoxicity testing. The 3D reconstructed skin 
models, together with results from Toxtracker, recently helped to reach 
the conclusion for the evaluation of a substance used in oxidative hair 
coloring (Scientific Committee on Consumer Safety SCCS, 2025).

Given the many possibilities offered by the toolbox, expert judge
ment may be required to reach a conclusion. Much emphasis is placed 
also on other approaches, such as AOPs, IATAs and DAs, NGRA, and the 
possibility of integrating NAMs for hazard identification therein.

In the absence of validated in vitro approaches for carcinogenicity 
assessment, in addition to the in vitro mutagenicity tests as a pre- 
screening, SCCS NoG examines NAMs useful to indicate potential gen
otoxic as well as NGC, to be applied in an overall WoE approach. In 
particular, last SCCS NoG (Scientific Committee on Consumer Safety, 
2023) includes the possibility to combine (e.g., under a IATA approach) 
data from different tests, such as in vitro and in silico assays (Jacobs et al., 
2020; Smith et al., 2020), some of which are listed below: 

• Well developed in vitro mutagenicity/genotoxicity tests especially on 
advanced in vitro models (skin, liver, lung models, etc.in combination 
with micronucleus and comet assay);

• Cell Transformation Assays (OECD Guidance Document No. 214, 
2015; OECD Guidance Document No. 231, 2017);

• Toxicogenomics assays (Schmitz-Spanke, 2019) such as the TGx-DDI 
biomarker, developed to identify chemicals that can cause DNA 
damage in human cells in culture and useful to distinguish genotoxic 
from NGC (Li et al., 2019; Thienpont et al., 2024).

• Assays with endpoints capturing early key event mechanisms (Jacobs 
et al., 2020; Oku et al., 2022), such as dysregulation of gap junction 
intercellular communication (GJIC) or the scrape loading-dye 
transfer (SL-DT) technique;

• In silico methods for genotoxicity and carcinogenicity, including 
structure–activity relationships-based analyses.

Special attention is devoted to the recently developed IATA for NGC 
(Jacobs et al., 2020; Louekari and Jacobs, 2024) as a means to integrate 
in a structured manner different type of information to ultimately draw a 
conclusion on the carcinogenic potential.

5. Discussion

Reflecting their crucial role in risk assessment of chemicals, geno
toxicity and carcinogenicity endpoints have historically occupied a 
central position in the longstanding challenge towards the replacement 
of animal testing in regulatory toxicology. As a result, many alternative 
tests (both in vitro and in silico) were developed and implemented in 
legislation and guidelines, contributing to reduce in vivo tests for the 
evaluation of genotoxicity and carcinogenicity (Table 3). Nevertheless, 
high relevance is still given to data from animal studies, especially for 
the confirmation of positive in vitro mutagenicity results (Table 3). As 
some in vitro positive results are not translated to in vivo effects, and thus 
do not raise a concern for human health, this confirmation is necessary. 
Available NAMs could take over to resolve equivocal in vitro outcomes, 
by contributing to improve the accuracy of traditional in vitro tests. 
Thus, although non-animal approaches are not new to genotoxicity and 
carcinogenicity assessment, advancements in mechanistic understand
ing and new techniques, implemented as NAMs (Table 1), offer new 
opportunities: i) to further globally reduce the use of in vivo testing, 
which, as documented through the paper, is still crucial to most regu
lations; ii) to help filling existing protection gaps that have become 
apparent over the years.

In this process, the regulatory readiness of the NAM under scrutiny 
will obviously be given a prominent place (see details on validation 
status in Table 1). This includes, on the one hand, the NAM validation/ 
qualification (the discussion of which is beyond the scope of this paper), 
that is to generate objective evidence demonstrating its relevance and 
reliability in meeting specific requirements. On the other hand, as the 
validation/qualification systems are time and resource intensive, and 
the scientific research on NAMs is flourishing, it is necessary to deter
mine whether the NAM under scrutiny is fit for purpose. This implies 
analysing both the regulatory context to establish the actual feasibility 
of NAM’s implementation and the specific regulatory need that the NAM 
could address. To this purpose, we analysed the current assessment 
practices of genotoxicity and carcinogenicity in key EU legislations, 
highlighting, within each legislation, gaps and needs towards greater 
protection of human health as well as short and long-term goals for the 
introduction of NAMs and the replacement of animal testing (summa
rized in Table 4).

As reported in section 4, while the scientific foundation for carci
nogenesis and mutagenesis assessment in regulatory contexts is shared, 
strategies are not fully harmonized. As a matter of fact, the legislative 
machinery for risk assessment and management requires also differen
tiation across sectors to ultimately guarantee the highest possible level 

Fig. 7. Testing strategy for genotoxicity/mutagenicity of cosmetic ingredients (adapted from (SCCS, 2023)).
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of protection while balancing industrial competitiveness in the global 
market. Across the various legislations, important differences have been 
highlighted both in terms of in vivo testing required and the possibility of 
integrating NAMs results within current regulatory landscape (Table 3). 
While these differences in principle represent many potential opportu
nities for harmonization towards the OSOA approach, in practice the 
information requirements prescribed by the legislative provisions pose 
limits. In fact, in the analysis were considered both prescriptive regu
lations, which mandate specific tests (e.g. CLP, REACH, PPP regulation) 
and less prescriptive, principle-based regulations which offer more 
flexibility in how objectives are met (e.g., many EFSA regulated 

products and cosmetics regulation). In the latter case, sector specific 
guidance often exists with recommended testing strategies. These dif
ferences in legislation have a practical impact on the feasibility of using 
NAMs in the short term, due to a foreseeable difference in procedures 
and timing on the possible implementation of changes in guidance 
rather than in legal tests. This in turn may affect one of the primary 
objectives of the OSOA package, i.e., to streamline and harmonize as
sessments of the same chemical substance across different EU laws.

As many chemicals in the EU must undergo a hazard classification 
process, which is independent of the quantity of the substance and its 
intended use, the analysis of classification criteria deserves a prominent 

Table 3 
Testing requirements for mutagenicity and carcinogenicity (Carc) assessment in different EU legislations. The final column shows the acceptance of NAMs.

Notes: Carc Carcinogenicity; y yes; n no; SIR Standard Information Requirement; Muta: Germ cell mutagenicity CLP class; Pos: positive results; Neg: negative results. 
AS: Active substances; NA: Not Applicable; WoE Weight of Evidence.
in vivo testing requirement: yes (red); no (green); when triggered (yellow).
aWidespread dispersive use or frequent / long-term human exposure and is Muta 2 or evidence from the repeated dose study(ies). bCritical results of the subchronic 
study and/or the (geno)toxicity tests could trigger the need for carcinogenicity studies.
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place. As stated in Section 4.1.1, current criteria to conclude on the 
substance classification as carcinogens and/or mutagens are based on in 
vivo studies. In this context, NAMs can only be used as supporting in
formation of a read-across approach to a ‘similar’ chemical. This simi
larity, for instance, could be based on NAMs evidence. Despite being a 
limitation in the direct use of NAMs for classification purposes, it also 
offers an opportunity for the use of NAMs in the short term within the 
CLP regulation (short-term goal, Table 4). On the other hand, this 
approach still implies availability of in vivo results on the analogue(s) 
chemical(s).

In the context of REACH (Section 4.1.2), tiered strategies for col
lecting evidence on mutagenicity/genotoxicity and carcinogenicity 
endpoints while reducing the necessity to perform in vivo assays, are in 
place from its start (as animal testing should be a last resort in REACH, 
according to article 25 (Regulation (EC) No 1907/2006, 2006). How
ever, although on the one hand they have allowed significant progress 
toward animal testing reduction, on the other hand diverse challenges 
have been highlighted: a) in vitro positives need in vivo confirmation, b) 
carcinogenesis detection has low efficiency for NGC, c) data are often 
not sufficient for classification purposes, d) in vitro negatives results may 
be not enough protective for human health (Table 4). The latter point 
has been raised as a critical issue in REACH for substances below 10t/y, 
for which the genotoxicity concern (which would also be the only trigger 

for the carcinogenicity assessment of this tonnage band) can be ruled out 
by a negative result in the Ames test, thus neglecting other genotoxicity 
endpoints (i.e., clastogenicity and aneuploidy) (Berggren and Worth, 
2023). Another critical aspect is related to germ cell mutagenicity 
classification. The need to demonstrate mutagenic effects on germ cells 
is under debate, as well as the definition of class 1A mutagens, which is 
impossible to populate in practice. To date, for the classification of 
chemicals as mutagens and/or carcinogens, information currently 
necessary for the fulfilment of the CLP criteria, especially in categories 
1A/B, has hardly been submitted under REACH, highlighting a possible 
protection gap (Karamertzanis et al., 2019; Woutersen et al., 2019). 
Failure to classify under CLP in turns has a negative impact on the level 
of human health protection, as CM (carcinogens and mutagens) 
harmonised classification (together with R, reprotoxicants) is an essen
tial step for several risk management options which guarantee a high 
level of protection (Woutersen et al., 2019). The lack of sufficient 
available information, at least for mutagenicity classification, has been 
potentially fixed by one of the latest REACH updates in 2022 (Regulation 
(EU) 2022/477, 2022). This update does not change the substance of the 
testing strategy but in fact modifies legal aspects of the standard infor
mation requirements. From now on, an increase in availability of in vivo 
results can be expected and in relation to that, also an increased possi
bility to classify chemicals in the most hazardous categories 

Table 4 
Challenges, short-term and long-term goals towards improvement of human health protection and implementation of NAMs.

Regulatory area Gaps & needs (Challenges) Short-term goals Long-term goals

​ ​ ​ ​
CLP Lack of data to satisfy classification criteria, including in 

vivo data, information on germ cells, and non-genotoxic 
cercinogens (NGC). 
Current classification criteria for mutagens and 
carcinogens are primarily based on in vivo animal studies, 
limiting direct NAM replacement. 
The reduction of animal testing can currently lead to a 
decrease in human health protection because it limits the 
ability to classify substances in the most hazardous 
categories (i.e., CMR), a “too-short-blanket-problem”.

NAMs to support read-across classification. 
NAMs can be used to strengthen the justification of read- 
across (e.g., supporting biological similarity) for 
classification purposes and its regulatory acceptability, 
although this still implies in vivo data on analogue 
substances.

Update of CLP criteria, especially for 
germ cell mutagenicity and criteria for 
Category 1A classification. 
This requires a change in the CLP 
criteria that trigger Mutagen and 
Carcinogen classifications.

​ ​ ​ ​
REACH For low-tonnage substances (<10t/y), only the Ames test 

is required, potentially missing other genotoxicity 
endpoints (i.e., structural or numerical chromosome 
aberrations). 
A protection gap exists for NGC, as carcinogenicity 
studies are typically only required for very high tonnage 
(>1000t/y) under specific conditions. 
Frequent recourse to in vivo testing, as in vitro positive 
results require in vivo confirmation.Data is often 
insufficient for CLP purposes, hindering classification in 
hazardous categories (e.g., Muta/Carc 1A/1B). 
Challenges in germ cell evaluation.

NAMs in adaptations (Annex XI). 
REACH explicitly allows NAMs (in vitro tests, QSARs, 
grouping, read-across, WoE) as adaptations. 
Improve transparency on alternatives acceptability and 
understand reasons for past failures in adaptations. 
NAMs exploitation to strengthen and refine ECHA’s 
Integrated Regulatory Strategy (IRS), especially for 
detecting potential NGC. 
NAMs reducing in vivo follow up in equivocal cases.

NAMs as new info requirements to: 
i) better characterize low tonnage 
subsantces; 
ii) lower in vitro False Positives rate and 
reduce in vivo follow up. 
NAMs for NGC and germ cell 
mutagenicity. 
REACH information requirements to be 
modified according to changes in CLP 
criteria.

​ ​ ​ ​
EFSA Recourse to in vivo experimentation is still frequent, 

especially for PPP active substances, where an in vivo test 
is always required regardless of in vitro results. 
No agreed approach or test battery based on in vitro 
models for the first screening of NGC.

NAMs in WoE approaches. EFSA is gradually adopting a 
more flexible approach, considering data from not 
formally validated NAMs within WoE. 
Possibility to submit “other relevant data,” even if not 
directly replacing in vivo results. 
Integrating NAMs in the standard battery of tiered 
testing strategies to improve mechanistic understanding 
and reduce uncertainties.

Change of information requirements in 
Plant Protection Product (PPP) 
regulation.

​ ​ ​ ​
Cosmetics 

Regulation
Refinement/standardization of in vitro follow-up of 
positive results. 
Slow validation of NAMs 
Absence of validated in vitro approaches for 
carcinogenicity assessment.

Integration of different NAMs for genotoxicity and 
carcinogenicity assessment.

Operationalization of AOP and IATA 
frameworks, towards NGRA

​ ​ ​ ​
Overall/ 

Common 
Challenges

Harmonization of NAMs adoption through legislations (e.g., OSOA) is limited by a lack of complete harmonization across different EU legislations. 
Slow validation of NAMs; an urgent need to speed up the validation of relevant NAMs to ensure safety decisions are based on reliable evidence. 
Standardization in evidence integration: a major challenge is how to standardize and validate the combination of different NAMs evidence that generate the final 
result, including estimating associated uncertainties. 
Need for NAMs that can reliably address non-genotoxic carcinogenicity
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(Mutagenicity categories 1B/2, and consequently potentially Carcino
genicity categories). To simplify, this has so far turned out to be a “too- 
short-blanket-problem”, as the reduction of animal testing impacts the 
human health protection, in consequence of in vivo criteria for classifi
cation. The current setup is such that the more animal welfare increases, 
by use of existent or new non-animal methods, the less it is possible to 
classify substances in Carcinogenicity and/or Mutagenicity categories, 
and thus trigger those risk management measures that allow a high level 
of protection of human health. Based on these premises it is clear that a 
change of REACH (and other data generating legislation) information 
requirements towards the use of NAMs, must be accompanied (if not 
preceded) by a change of the CLP criteria that trigger C and M 
classifications.

At present, the possibility to implement NAMs (i.e., SAR based ap
proaches QSAR, WoE, read-across, in vitro tests) in the context of 
REACH, apart from alternative assays already in place, relies on their 
exploitation within adaptations of the information requirements, 
providing equivalent information is given (Annex XI, cf. Section 5.1.3). 
Also, NAMs not directly associated with the apical endpoint to which the 
information requirement refers, could be envisaged as supporting evi
dence to strengthen WoE, read-across or grouping approaches (short- 
term goal, Table 4). To push in the direction of using NAMs under Annex 
XI of REACH, it would be useful to know the acceptance rate of the 
adaptations submitted so far, detailing strengths and weakness of sub
missions (i.e., beyond information reported under Article 117(3) of the 
REACH (ECHA, 2020). Such knowledge would give the opportunity to 
learn from previous experience on how to integrate data from NAMs, 
supporting their increasingly acceptable use at regulatory level (short- 
term goal, Table 4).

In other frameworks, where regulatory decisions do not need to 
comply with CLP, NAMs implementation may have a faster route. This is 
the case of most EFSA regulated products, where the transition to the use 
of NAMs is gradually taking place (cf. Section 4.2.1). Data from not 
formally validated NAMs in fact may be already considered in a WoE 
approach on which to base regulatory decisions/recommendations 
(short-term goal, Table 4). Many of the laws regulating substances under 
EFSA’s remit allow for a more flexible assessment approach, as they do 
not prescribe specific test methodologies. This inherent flexibility un
locks significant opportunities for the development and implementation 
of NAMs, and ultimately for their regulatory promotion, as demon
strated for instance by the QSARs applications for the risk assessment on 
botanicals and PPP residues definition (cf. Section 4.2.1). On the other 
hand, there is a risk of increasing differences between evaluations car
ried out in different contexts, moving away from the OSOA objectives 
(see Common Challenges in Table 4).

The difference in the feasibility of NAMs regulatory implementation 
is even more pronounced in the case of cosmetics, where NAMs 
increasingly represent an indispensable resource to complete the risk 
assessment (cf. Section 4.3). Animal testing ban in the cosmetics sector 
constitutes a challenge but also a unique opportunity to lead progress in 
the regulatory application of NAMs (short-term goal, Table 4). Cosmetic 
Regulation is a leading example of how the early use of NAMs has been 
integrated into safety evaluation practices. NAMs, such as in vitro tests 
including advanced 3D models and in silico modeling, play a critical role 
in assessing the safety of cosmetic products without relying on animal 
testing. Validated NAMs are vital for cosmetic regulation. Expediting the 
validation of a wide array of relevant NAMs is crucial in this sector to 
guarantee that safety decisions are grounded in reliable evidence, 
thereby providing comprehensive human health protection (see Chal
lenges in Table 4).

6. Concluding remarks

In conclusion, although at the forefront for the use of alternative to 
animal tests, genotoxicity and carcinogenicity endpoints can greatly 
benefit from the adoption of NAMs, towards more efficient assessment 

and greater protection of human health, further contributing to the 
decrease of the number of laboratory animals. Some NAMs are already 
used in some legislations, while promising methods exist for which 
confidence still needs to be strengthened and the regulatory groundwork 
needs to be prepared. On the other hand, The NAMs currently available 
are not yet able to fill all the gaps (e.g., NGC and germ cells mutagenicity 
assessment). Still a challenge is represented by the need for standardized 
and reproducible frameworks for the integration of evidence.

The possibilities highlighted in this paper for using NAMs already 
within existing legislation will help increase awareness and confidence 
in these methods. Meanwhile, achieving a truly protective and animal- 
free EU regulatory system for genotoxicity and carcinogenicity assess
ment requires, in addition to validated and fit-for-purpose NAMs, a 
fundamental transformation of existing regulatory procedures. This 
pivotal shift necessitates the strategic integration of both established and 
emerging NAMs to enhance human health protection while simulta
neously fulfilling the commitment to animal welfare and addressing 
current protection gaps.
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