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Mechanistic genotoxicity after
OECD TG 446A: what ToxTracker
adds to chemical safety assessment

The 2026 OECD TG 446A standardises a six-reporter assay for genotoxic
hazard and mechanistic interpretation. Interlaboratory validation and recent
case studies show its value, while exposing the limits of reporter signals,
metabolic activation and extrapolation beyond tested chemical space.
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Genotoxicity testing has an interpretation problem. Conventional assays establish
whether a chemical induces gene mutations or chromosomal damage under specified
experimental conditions, but they often provide limited information about the biological
process responsible for a positive result. An increase in micronuclei, for example, may
arise from chromosome breakage or chromosome mis-segregation; severe cytotoxic
stress can further complicate the interpretation of an in vitro response. Follow-up
experiments are then required to determine whether the finding is relevant to the
intended safety decision.

The adoption of OECD Test Guideline 446A on 2 July 2026 brings a mechanistically
oriented assay into the internationally harmonised Test Guidelines programme. The
guideline describes ToxTracker, a mouse embryonic stem-cell reporter system that
measures six cellular stress-response pathways by flow cytometry, with and without
exogenous metabolic activation [1]. Two reporters are used to predict genotoxic hazard;
four additional reporters help characterise associated oxidative, proteotoxic and cellular
stress responses.

Its regulatory significance is specific. TG 446A standardises a method for generating and
interpreting reporter-based genotoxicity information. It does not establish that reporter
activation is equivalent to a directly measured mutation, chromosome aberration or DNA
adduct, nor does it automatically replace every component of the conventional
genotoxicity battery. The value of the update lies in connecting a hazard call with
evidence about how that response may have arisen.



Why mechanistic interpretation matters

The OECD bacterial reverse mutation test (TG 471) detects particular classes of point
mutations through reversion of auxotrophic bacterial strains [2]. The in vitro mammalian
micronucleus test (TG 487) detects micronuclei associated with chromosome fragments
or whole chromosomes that fail to segregate correctly [3]. These endpoints answer
different biological questions and are not interchangeable.

Both are established methods, but neither alone resolves every ambiguous finding. A
positive micronucleus response may require additional work to distinguish clastogenicity
from aneugenicity. An in vitro result observed only at highly cytotoxic concentrations
may have a different interpretation from a reproducible response at lower
concentrations. Metabolic competence, chemical exposure, cell-cycle progression and
the selected concentration range all influence the result.

ICH S2(R1), applicable to pharmaceuticals intended for human use, addresses
interpretation and follow-up of positive findings in genotoxicity testing [4]. It remains
relevant to pharmaceutical development; OECD adoption of an additional method does
not itself revise ICH S2(R1) or confer universal acceptance of a different test battery.

Mechanistic assays provide a second layer of information: evidence about DNA-damage
signalling, oxidative stress, p53-associated responses and protein homeostasis. These
observations can help formulate a plausible mode-of-action hypothesis and select the
next experiment. The hypothesis still requires corroboration.

How ToxTracker works

The system uses six genetically engineered mouse embryonic stem-cell reporter
lines. Each carries a GFP reporter responsive to a particular signalling pathway. Following
chemical exposure, flow cytometry quantifies reporter fluorescence relative to
concurrent vehicle controls. Relative cell counts are measured at the same time to
characterise cytotoxicity [1,5].

Reporter Principal interpretation

Bscl2-GFP  DNA-damage signalling associated with replication-blocking lesions

Rtkn-GFP DNA-damage signalling associated with double-strand breaks and related responses
Srxnl-GFP Oxidative-stress response

Blvrb-GFP  Oxidative-stress response

Ddit3-GFP  Unfolded-protein/proteotoxic stress response

Btg2-GFP p53-associated cellular stress response



These are pathway-associated biomarkers, not exclusive molecular detectors. An
Rtkn response, for example, does not independently establish that a chemical reacted
covalently with DNA. Secondary oxidative damage or other cellular perturbations may
contribute to the pattern [5].

A typical evaluation includes a concentration series, vehicle and pathway-specific
positive controls, and experiments with and without a liver S9 metabolic activation
system. The published validation protocol included three independent experiments and
concurrent monitoring of reporter induction and relative cell count [5]. For regulatory
work, the adopted TG 446A procedure and its acceptance criteria take precedence over
earlier developmental protocols.

The assay’s interpretative strength comes from the pattern and concentration
dependence of the responses. A chemical that predominantly activates DNA-damage
reporters raises a different mechanistic question from one that first induces strong
oxidative stress and subsequently produces a weaker DNA-damage-associated signal.
The latter pattern is compatible with secondary genotoxic stress, although reporter data
alone do not prove a causal sequence.

What interlaboratory validation established

A central source supporting the new guideline is the international study published by
Hendriks and colleagues in 2024 [5]. Seven laboratories participated in a programme
evaluating transferability, reproducibility and classification performance. The validation
set comprised 64 genotoxic and non-genotoxic chemicals spanning several
mechanisms, with substances tested across independent laboratories.

Against the study’s reference weight-of-evidence classifications, the reported sensitivity
for identifying in vivo genotoxicants was 84.4% and specificity was approximately 92%.
Between-laboratory reproducibility for the combined DNA-damage reporter classification
was 83.1%. These are results from a defined validation dataset and protocol, not
universal performance guarantees for untested chemical classes.

Reproducibility of a genotoxicity call also differed from reproducibility of an individual
mechanistic response. In the same study, between-laboratory reproducibility was 71.0%
for oxidative-stress classification, 82.5% for protein damage, and 78.3% for the
p53-associated response [5]. The genotoxicity classification was more reproducible
than some individual stress-pathway calls.

This matters when using the assay to construct mechanistic explanations. A
reproducible positive genotoxicity classification does not imply that every secondary
reporter pattern will reproduce equally well. A mechanistic conclusion based on
borderline oxidative-stress induction deserves more caution than one supported by
consistent concentration-response behaviour and independent measurements.



The validation paper documents other limitations. Some experiments were excluded
when positive controls failed acceptance criteria or cytotoxicity exceeded acceptable
limits. Metabolic activation conditions were refined during the programme. The authors
discuss a false-negative case involving N-nitrosodimethylamine (NDMA), whose
activation requirements and achievable test concentrations challenged the conditions
used in the trial [5]. This is a useful counterexample to any claim that a negative
reporter result rules out all genotoxic mechanisms.

The paper disclosed a commercial interest: its corresponding author was a shareholder
of a company offering ToxTracker. The multicentre design strengthens the evidence, but
the declared interest remains relevant when interpreting claims about future
replacement of existing methods.

A reporter signal is not a DNA lesion

Reporter assays detect changes in gene expression. They do not directly quantify a DNA
adduct burden, a mutation frequency or the number of micronuclei. Fluorescence can
also be affected by test materials with intrinsic fluorescence, optical interference or
strong effects on cell growth.

Concentration selection is therefore consequential. Excessive cytotoxicity can make
stress responses difficult to interpret or invalidate measurements. Testing below an
effective exposure range can produce false negatives. Range finding, precipitation
checks and solubility documentation are necessary.

Metabolic activation broadens the range of chemicals that can be assessed, but S9
does not reproduce the full human metabolic network. Species differences, cofactors,
enzyme activity and exposure duration affect which metabolites form. A parent-chemical
response without S9 cannot be assumed to represent its metabolites.

Cellular context matters as well. The standard reporter lines are mouse embryonic
stem cells. They offer a reproducible system but do not directly measure effects in
human liver, skin, intestinal or immune cells. Mechanistic transfer to a particular tissue
requires evidence.

Substance identity must be retained. A defined chemical, botanical extract,
nanoparticle dispersion and finished formulation have different exposure and analytical
problems. A negative result for a purified ingredient does not establish the genotoxic
safety of a formulation containing it.

These constraints define where the method can be informative. They do not invalidate
the assay.



A 2025 nanomaterial study exposes the dose-delivery
problem

Evans and colleagues applied ToxTracker to ten industrially relevant nanomaterials,
including titanium dioxide variants, silica, polymer particles, carbon black, gold nanorods
and tungsten carbide materials [6]. They combined reporter responses with transmission
electron microscopy and energy-dispersive X-ray spectroscopy to examine cellular
uptake.

Mouse embryonic stem cells were exposed for 24 hours to concentrations up to 100
Kg/mL, without S9. Several materials were observed inside membrane-bound
cytoplasmic vesicles. The study did not detect a genotoxic reporter response for the
tested materials under those conditions, although some produced cytotoxicity [6].

This does not establish that the materials are universally non-genotoxic. The finding
applies to the tested particles, dispersions, exposure conditions and endpoints. Uptake
into cytoplasmic vesicles does not demonstrate nuclear access, and absence of reporter
activation does not exclude effects at other doses, durations or biological systems.

The study demonstrates why cellular exposure and internalisation must be
characterised alongside the biological readout when testing particulate materials.
Nominal concentration alone may be insufficient to interpret a negative result.

A complementary approach: transcriptomic DNA-
damage signatures

The 2025 multicentre validation of TGx-DDI, reported by Wang, Crute and colleagues,
offers a useful comparison [7]. TGx-DDI is a transcriptomic biomarker designed to
distinguish DNA-damage-inducing from non-DNA-damage-inducing agents, using gene-
expression responses in human TK6 lymphoblastoid cells.

Four laboratories tested 14 blinded compounds with harmonised protocols. The
authors reported 91% overall classification accuracy, cross-site correlations above
0.84 for reference RNA measurements, and good interlaboratory agreement. They
emphasised concentration selection and proficiency testing; an initial round contained
invalid tests because cytotoxicity criteria were not met.

TGx-DDI and ToxTracker differ in cell model, measured transcripts, analytical platform,
classification procedure and proposed context of use. The TGx-DDI publication describes
a biomarker undergoing a qualification pathway, whereas ToxTracker is now covered by
an adopted OECD Test Guideline. Methodological validation is not proof of completed
FDA qualification.



Together, the studies show a direction for mechanistic toxicology: predefined biomarker
signatures, explicit classification rules, reproducibility testing and intended uses. The
regulatory status of each method still needs to be assessed separately.

Integrating computational predictions with
mechanistic assays

For computational toxicology, a mechanistic reporter panel can provide more
informative labels than a single genotoxicity flag. It may help investigate whether a
structural alert corresponds to an experimentally observed DNA-damage response or
whether a positive result accompanies pronounced oxidative or proteotoxic stress.

But mechanistic labels can themselves be uncertain. A QSAR model trained to predict
ToxTracker positivity learns a reporter-derived endpoint under particular experimental
conditions. It is not necessarily predicting bacterial mutagenicity, chromosomal damage
or human carcinogenicity.

An integrated workflow should retain five distinct evidence layers:

1. Chemical definition: structure, stereochemistry where relevant, purity,
composition and transformation products.

2. Computational evidence: model endpoint, training provenance, structural and
mechanistic applicability domain, calibration and uncertainty.

3. Experimental exposure: concentration, vehicle, solubility, metabolic activation,
treatment duration and cytotoxicity.

4. Biological readout: reporter-specific concentration responses, control validity,
independent replicates and confirmation where warranted.

5. Decision context: regulatory or development question, jurisdiction, weight-of-
evidence criteria and residual uncertainty.

When results disagree, those layers are essential. A negative Ames prediction with
positive Bscl2/Rtkn activation should trigger examination of endpoint differences,
metabolism, applicability domain and experimental artefacts. Averaging predictions into
a composite score would hide the discrepancy.

For mixtures or poorly characterised extracts, chemical analysis may be needed before
structure-based modelling is informative. A 2026 primary study by Schmidtmann, Kayser
and Morlock developed a planar chromatography-based Ames-cytotoxicity approach
with S9 activation to locate mutagenic and cytotoxic fractions within complex samples
[8]. That method addresses a different endpoint and is not part of TG 446A. It illustrates
how fractionation and bioassay-guided identification can complement mechanistic cell-
based testing when the active constituents are initially unknown.



Regulatory interpretation across sectors

OECD TG 446A provides an internationally harmonised description of ToxTracker and its
interpretation. Its implications depend on the sector and jurisdiction.

For pharmaceuticals, ICH S2(R1) continues to define the genotoxicity testing framework
within its scope [4]. The existence of TG 446A does not automatically authorise
substitution of a required assay without a scientifically justified and regulatorily
appropriate strategy.

For industrial chemicals, cosmetics, agrochemicals and other sectors, legal requirements
and accepted evidence frameworks differ. An OECD Test Guideline supports generation
of standardised data, but the acceptability of screening, follow-up, mechanistic
clarification or substitution must be determined within the applicable jurisdiction. No
acceptance specific to Argentina or ANMAT is inferred from OECD publication
alone.

For complex formulations, the tested article must be identified accurately. A result for an
isolated constituent is evidence about that constituent under the test conditions, not an
experimental assessment of the complete formulation.

Practical implications for experimental planning
The useful question before ordering ToxTracker is what decision its result will support.

For early screening, it can provide a genotoxicity-associated classification and pathway
information. For a positive or equivocal result from a conventional assay, the reporter

pattern can help select follow-up experiments. For a regulatory conclusion, the method
must be positioned within the relevant testing strategy and its limitations documented.

The report should preserve chemical identity and batch, concentrations and units,
solvent, metabolic activation, culture conditions, reporter fluorescence, relative cell
counts, independent experiments, controls, acceptance criteria and decision rules. A
borderline signal should remain borderline unless the predefined interpretation
procedure resolves it.

Automated pipelines can enforce units, retain individual reporter curves, identify failed
controls and attach method/version metadata to each classification. They should not
silently convert a pathway signal into a mechanistic causal claim.

Conclusions

OECD TG 446A advances the standardisation of mechanistic genotoxicity testing. Its
evidence base includes multicentre validation with defined performance and



reproducibility, while subsequent applications demonstrate why exposure
characterisation and chemical context remain essential.

ToxTracker is a structured source of genotoxicity-associated and mechanistic
evidence. Its reporter patterns can improve interpretation of conventional results and
guide further testing, provided they are not mistaken for direct measurements of DNA
lesions or universal proof of safety.

The broader methodological lesson is that reproducible biological signals become more
useful when interpretation rules, applicability boundaries and uncertainty are explicit.
Regulatory adoption formalises those requirements for a particular method; it does not
remove the need to examine the chemical, the experimental system and the decision
being made.
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