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ABSTRACT

Human and ecological systems in the Anthropocene are exposed to complex mixtures of chemicals from industrial,
agricultural, pharmaceutical, and consumer-product sources. These combined exposures frequently produce effects
that are not predicted by single-chemical toxicology: interactions can be additive, antagonistic, or synergistic, with
synergy posing the greatest concern because low-level co-exposures may produce unexpectedly large adverse
outcomes. This review synthesizes mechanistic knowledge of mixture toxicity with an emphasis on biochemical
interactions that drive synergy. We examine key interaction modalities - competitive and noncompetitive enzyme
inhibition, receptor co-activation and cross-talk, redox cycling and oxidative stress amplification, disruption of
detoxification pathways and transporters, endocrine network interference, and microbiome-mediated
biotransformation. Methods for assessing mixture effects are evaluated, including experimental designs (fixed-ratio
and factorial mixtures), dose-response modelling (concentration addition, independent action, response-surface
methods, isobolograms), and emerging in vitro, in vivo, and in silico tools (high-throughput screening, organoids,
PBPRK-toxicodynamic models, systems toxicology). We discuss biomarkers and multi-omics strategies for detecting
synergistic biochemical perturbations and highlight illustrative case examples where co-exposures intensify risk
(e.g., pesticide combinations, metal-organic pollutant interactions, polypharmacy and environmental contaminants).
Critical challenges are identified: exposure characterization, realistic dose metrics, non-monotonic and low-dose
effects, interindividual variability, and regulatory frameworks that still largely rely on single-chemical assessment.
The review concludes with research priorities to improve prediction and prevention of synergistic toxicity,
advocating integrated experimental-computational pipelines, standardized mixture reference materials, human-
relevant models, and policy adaptations that account for cumulative and interaction-driven risks.
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INTRODUCTION
In the modern Anthropocene era, environmental chemical exposures are rarely confined to a single compound [1-
47. Instead, humans, animals, and ecosystems are increasingly subjected to complex mixtures of pollutants
originating from industrial emissions, agricultural runoff, pharmaceutical residues, consumer products, and natural
transformation products. These chemical cocktails permeate air, water, soil, and food chains, creating a pervasive
background of chronic, low-dose exposures [5-97. Common examples include simultaneous contact with pesticides,
heavy metals, polycyclic aromatic hydrocarbons, flame retardants, and microplastic-associated contaminants.
Traditional toxicological frameworks and regulatory guidelines have primarily focused on assessing individual
chemicals in isolation [10-187]. While this approach has provided valuable insights into dose-response relationships,
it fails to capture the realities of combined exposures. Mounting evidence indicates that chemicals rarely act
independently; instead, their interactions can alter toxic outcomes in ways that are qualitatively and quantitatively
distinct [14-177]. These combined effects may be additive, antagonistic, or synergistic. Of greatest concern are
synergistic interactions, in which the joint effect is significantly greater than the sum of individual toxicities. Such
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interactions imply that low-level exposures previously regarded as safe may produce unexpected and amplified
health risks [18-217. Understanding the mechanisms that drive synergistic toxicity is essential for modern
environmental health sciences [22-267. This review, therefore examines the biochemical and molecular bases of
chemical interactions, highlights experimental and computational methods for assessing mixture effects, and
evaluates their implications for risk assessment and policy. By integrating mechanistic insights with real-world
exposure scenarios, we aim to clarify the growing challenge of mixture toxicity in human and ecological health.

2. Definitions and Conceptual Framework

The study of combined chemical exposures requires a clear understanding of how mixture effects are defined and
classified [27-297. Traditionally, toxicological interactions are described in relation to the concept of additivity,
which serves as the baseline expectation for combined effects. An additive outcome occurs when two or more
chemicals act independently but contribute to the same biological response in a manner equal to the sum of their
individual effects [80-37]. For example, two pesticides that reduce enzyme activity by 20% each would be expected,
under additivity, to produce a 40% reduction when combined. When the combined response is less than predicted
by additivity, the interaction is termed antagonistic [38-437. Antagonism can arise when one compound blocks the
uptake, metabolism, or receptor binding of another, effectively diminishing its toxic impact. Conversely, synergy
refers to a supra-additive interaction in which the combined effect exceeds the expected sum, often producing
disproportionately severe outcomes. Synergistic effects are particularly important because they can emerge even at
exposure levels deemed safe for individual chemicals [44-497. Mechanistically, such interactions can occur at
multiple biological levels, including absorption, distribution, metabolism, and excretion (ADME), as well as at
intracellular targets, receptor cross-talk pathways, or compensatory physiological systems [50-547. Importantly, it
is necessary to distinguish true biochemical synergy arising from interactive molecular or cellular mechanisms from
pharmacokinetic (PK) interactions, where co-exposures alter internal dose distribution [55-597. Both can yield
enhanced toxicity, yet they require different investigative and regulatory approaches. This conceptual framework
forms the foundation for assessing the risks posed by real-world chemical mixtures.

3. Mechanisms Driving Synergistic Biochemical Toxicity

Understanding how chemical mixtures produce synergistic toxicity requires examining both pharmacokinetic and
pharmacodynamic interactions across multiple biological levels [60-647]. Synergy arises when co-exposures interact
in ways that amplify adverse effects beyond what would be predicted from individual chemical toxicity [65-697. The
following mechanisms highlight the principal biochemical pathways through which synergistic effects manifest.

3.1 Pharmacokinetic interactions: altered internal dose

Mixtures can substantially influence absorption, distribution, metabolism, and excretion (ADME), thereby changing
internal concentrations of one or more chemicals [70-747. For instance, one compound may inhibit cytochrome
P450 enzymes responsible for metabolizing another xenobiotic, leading to prolonged tissue residence time and
increased bioavailability of the toxicant [75-797. Similarly, competition for transporters or altered renal elimination
can enhance systemic exposure. These pharmacokinetic modifications effectively raise the internal dose, increasing
the likelihood of downstream biochemical damage even when individual chemicals are present at sub-toxic
concentrations.

3.2 Enzyme inhibition and metabolic overload

Direct inhibition of key metabolic enzymes by one compound can prevent detoxification of co-exposed chemicals,
resulting in accumulation of reactive intermediates [80-84]. Conversely, induction of bioactivation pathways may
increase the production of electrophilic metabolites. When multiple xenobiotics rely on shared conjugation pathways
such as glucuronidation, sulfation, or glutathione conjugation, the detoxification system may become overwhelmed,
amplifying oxidative stress and covalent protein or DNA damage [85-907]. This metabolic overload is a critical
contributor to synergistic toxicity.

3.3 Redox cycling, pro-oxidant amplification, and mitochondrial disruption

Several chemicals generate reactive oxygen species (ROS) through redox cycling or mitochondrial interference. Co-
exposures that simultaneously generate ROS and impair antioxidant defenses, such as glutathione depletion or
inhibition of superoxide dismutase, can cause exponential increases in oxidative stress [91-94 . Elevated ROS levels
trigger lipid peroxidation, protein carbonylation, and mitochondrial dysfunction, creating feed-forward cycles that
sensitize cells to apoptosis or necrosis [907].

3.4 Receptor co-activation and signaling cross-talk

Chemicals targeting hormonal, nuclear, or membrane receptors can produce non-linear eftfects through co-binding,
receptor cross-talk, or amplification of downstream transcriptional networks [217]. Endocrine-active chemicals with
distinct receptor specificities may converge on shared gene programs controlling development, metabolism, or stress
responses, generating synergistic dysregulation that would not be anticipated from single-compound exposures.
3.5 Transporter and barrier interactions

Disruption of barrier integrity-intestinal, blood—brain, or placental-by one chemical can enhance penetration of
others [227. Competition for efflux transporters, including P-glycoprotein and multidrug resistance-associated
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proteins (MRPs), can increase intracellular retention of toxicants. These transporter-mediated effects are central to
many pharmacokinetic synergies, particularly in organs susceptible to cumulative toxicity [237].
3.6 Microbiome-mediated biotransformation
The gut and environmental microbiomes play a pivotal role in xenobiotic metabolism, sometimes generating more
toxic metabolites than the parent compounds. Co-exposures that perturb microbial community composition can alter
metabolic outputs, either increasing the formation of harmful metabolites or reducing detoxification capacity [24].
This emergent toxicity illustrates how microbial-mediated interactions may create synergistic effects not predictable
from the properties of individual chemicals [257]. Together, these mechanisms illustrate the multifaceted ways in
which chemical mixtures interact to produce supra-additive toxic outcomes, underscoring the complexity of
assessing real-world exposures in both humans and ecosystems.
4. Methods to Assess Mixture Toxicity
Evaluating the toxicological effects of chemical mixtures requires a combination of experimental and computational
strategies that can capture complex interactions.
4.1 Experimental designs
Several experimental approaches are widely used to study mixture toxicity. Fixed-ratio mixture studies involve
combining chemicals at predefined proportional concentrations, allowing assessment of additive, synergistic, or
antagonistic effects across a range of doses [267. Factorial designs expand this concept by testing multiple
combinations and concentrations simultaneously, providing insights into interaction patterns and dose
dependencies. Concentration—response matrices can visualize how changes in the dose of one chemical influence the
effect of another, while dose-response surfaces and isobolograms help quantify and interpret deviations from
expected additivity [27]. High-throughput combinatorial screening further enables exploration of large chemical
spaces, providing rapid mechanistic and phenotypic data for prioritizing mixtures of concern.
4.2 Dose-response modelling
Interpreting mixture effects relies on conceptual frameworks such as concentration addition (CA), which assumes
chemicals act via similar mechanisms, and independent action (IA), which assumes dissimilar mechanisms [287.
Deviations from these models indicate interaction. Quantitative approaches-including response-surface modeling,
generalized linear models, and statistical interaction terms-allow estimation of synergy or antagonism [297.
Mechanistic pharmacokinetic—pharmacodynamic (PK—PD) models and physiologically based pharmacokinetic
(PBPK) frameworks help separate contributions of altered internal dose from intrinsic pharmacodynamic
interactions, providing mechanistic insight into observed supra-additive effects.
4.3 In vitro and in silico advances
Modern tools complement traditional studies. High-content cell assays, organoids, and microphysiological systems
capture complex tissue-level responses and mechanistic perturbations [307. Transcriptomic, proteomic, and
metabolomic readouts provide systems-level information on affected pathways [817. In silico approaches, including
quantitative structure—activity relationship (QSAR) modeling, machine learning, and network-based systems
toxicology, support prediction of potential interactions, prioritize mixtures for experimental testing, and inform
regulatory and risk-assessment decisions [327].
CONCLUSIONS
Synergistic toxicity from combined chemical exposures is a defining challenge of the Anthropocene. Mechanistic
understanding of PK and PD interactions, coupled with modern experimental and computational tools, can improve
prediction and management of mixture risks. Protecting public and environmental health requires shifting from
single-chemical paradigms toward integrated assessments that acknowledge interaction-driven hazards and adapt
regulation accordingly.
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