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Exposure to complex environmental mixtures leads to
dynamic and evolving exposomes under different environ-

mental conditions, presenting significant challenges to humans
and other organisms. Therefore, on the demand of risk
management of complex mixture exposure, the determination
of the overall toxicity and the key components that drive the
observed toxic effects is the prerequisite.
Typically, targeted toxicological assays are useful to evaluate

the toxicity of extracted mixtures from environmental samples,
especially when prior knowledge on chemical components and
their potential modes of actions are known. However, real
environmental samples are typically complex mixtures contain-
ing hundreds to thousands of unexpected or unknown
chemicals. The frequently used toxicological assays based on
targeted effects with the designed specific targets may neglect
the important toxic effects and fail to capture the overall toxicity.
Toxicological evaluation places high demands on a strategy
without relying on specific hypotheses or predetermined
toxicological targets. This call for the consideration of Non-
Targeted Toxicity Analysis (NTTA), which can probe biological
responses in an unbiased way, uncovering frequent alterations of
driver molecules involved in critical function and pathological
processes that would otherwise be missed with targeted toxicity
analysis. NTTA integrates artificial intelligent (AI)-driven high-
throughput imaging, multiomics techniques, bioinformatics, and
computational toxicology, and thus provides a broad holistic
biological response.
The rapid development of new methodologies in the field of

molecular biology and bioinformatics could support NTTA
(Figure 1), which could evaluate the toxicity of mixtures without
designed toxicological targets. First, machine learning-driven
high-throughput imaging is a powerful tool that served as in vitro
NTTA, allowing us to rapidly analyze large numbers of
heterogeneous cellular images simultaneously. By probing subtle
changes in cellular features (shape, size, intensity, behavior,
etc.), NTTA can provide a more comprehensive understanding
of the potential toxic effects of mixtures.1 Furthermore, with
spheroids, organoids, or organisms as amodel, NTTA could also
enhance our understanding of mixture toxicity.2,3 For instance, a
zebrafish behavioral profiling assay has been used to characterize
the toxicity of pollutants,2 demonstrating the considerable
potential of NTTA in a mixture toxicity assessment.3

Second, multiple layers of omics data (e.g., genomics,
transcriptomics, proteomics, metabolomics, and epigenomics)
allow researchers to study biological phenomena holistically,
enabling the identification of biomarkers and exploration of
underlying mechanism.4 Integration of omic approaches has
successfully unveiled the modes of actions of a given chemical
under low-level exposure.5,6 Reduced transcriptomic and dose-
resolved proteomic approaches have been used for early
determination of sensitive molecular responses.7,8 Epigenomics
analysis links mixture exposure to transgenerational effects
through DNA/RNA/histone modifications, expanding our
knowledge of the toxicity, adverse outcomes (AOs), and the
toxicological mechanisms of mixtures.9,10 Through fully
mapping the molecular landscape and pathway-based toxico-
logical interactions that occur within a living system, NTTA
generates detailed phenotypic fingerprints and could be applied
to describe AOs induced by mixtures.
Third, some emerging techniques, such as proteome-scale

mapping of the chemical-protein interactions, take great
advantage in identifying molecular initiating events of pollutants
in mixtures. For example, disinfection byproducts preferentially
targeted redox proteins with thiols to induce oxidative stress.11
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Figure 1.Workflow of NTTA for risk assessment of complex mixtures
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Moreover, machine learning-driven phenotypic discernment,
multiomics integration, and multiscale predictive modeling can
benefit the causal links between modes of actions and
phenotypes.12 By integrating in vivo and in vitro toxicity
databases with a deep learning model, the 15 most relevant
toxicities for complex plastic additives were identified.13 A data-
driven, hypothesis-free approach was developed to reduce the
complexity of real-world mixture toxicity and characterize
biomolecular effects, enabling the discovery of new pathways
linked to undiscovered potential hazards.14 Therefore, armed
with multiomics, NTTA can facilitate mechanistic insights of
observed AOs or predict the potential AOs in a mixture.
After a sufficient understanding of the possible toxicity of a

given mixture, chemical analysis is required to pinpoint the key
drivers in the mixture. Through the characterization of chemical
“fingerprinting” of complex mixtures, Non-Targeted Chemical
Analysis (NTCA) allows for discovering emerging unknown
structures, largely expanding the chemical candidates. In general,
for a complex mixture, NTCA facilitates the possibility of fully
understanding the chemical exposome, while NTTA aims to
obtain the key targets or pathways from thousands of end points.
The combination of NTTA with NTCA can guide the
subsequent targeted toxicity assays and chemical analysis to
further sophisticatedly identify the explainable toxic drivers in
the mixture.
The integration of NTTA and NTCA and associated

techniques offers an innovative, powerful approach to assess
the full spectrum of biological alterations, to detect unexpected
toxicological responses, unknown emerging toxic chemical
structures, and the resulting combined effects of mixtures.
While this strategy has the potential to significantly enhance our
understanding of the risks posed by complex chemical mixtures
and emerging pollutants, there are several challenges that still
need to be addressed. (1) The data generated from NTTA and
NTCA are inherently complex and multidimensional, requiring
advanced data processing tools, bioinformatics, and machine
learning techniques for interpretation. It is difficult to draw
straightforward conclusions without sufficient support of
computational power; (2) Ensuring that results from NTTA
and NTCA across different laboratories, platforms, and
experimental conditions are reproducible, which is essential
for building trust in these assays. Standardized methods and
protocols, advanced computational tools and platforms, open-
source databases, and data visualization are urgently needed to
provide universal guidelines for NTTA; (3) Complex mixtures
often involve chemicals with low concentrations, making it
difficult to identify a single compound as the main toxic driver.
The description of synergistic or antagonistic effects of these
mixtures is critical and difficult for developing accurate risk
assessments; (4) Nontargeted approaches may face challenges
in gaining regulatory acceptance, especially when it fails to link
with specific risk thresholds or established toxicological end
points. Therefore, critical findings from nontargeted toxicity
analyses will need to be validated by independent targeted
analyses; in addition, benefits of the nontargeted strategy in risk
assessment and management ought to be demonstrated prior to
its findings being incorporated into new environmental policies.
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