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Endocrine-disrupting chemicals (EDCs) are exogenous substances that threaten human and environmental health by interfering with hormonal signalling. A growing body of research indicates that EDCs have long-lasting biological effects through epigenetic modifications, such as DNA methylation, histone changes, and non-coding RNA regulation, in addition to traditional receptor-mediated toxicity. These processes, which are especially important during delicate developmental windows like embryogenesis and the early postnatal period, control gene expression without changing the DNA sequence.
The present understanding of the epigenetic mechanisms that supports EDC toxicity is summarised in this review, with a focus on how these mechanisms interact with endocrine signalling pathways. Exposure to EDC has been demonstrated to cause oxidative stress, damage chromatin architecture, and modify the activity of epigenetic enzymes, all of which result in long-lasting alterations in gene expression. According to new findings from epidemiological and experimental research, these changes may persist over generations and contribute to hormone-dependent, metabolic, neurodevelopmental, and reproductive diseases.
The study also emphasises the increasing importance of epigenetic biomarkers in illness prediction and exposure assessment, such as circulating non-coding RNAs and DNA methylation signals. Enhancing risk assessment and public health initiatives requires incorporating epigenetic endpoints into toxicological and regulatory frameworks. All things considered, comprehending the epigenetic underpinnings of EDC action offers vital insights into the genesis of disease and facilitates the creation of more successful environmental health regulations.
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1. Introduction
Endocrine disrupting chemicals (EDCs) are a broad class of foreign substances that interfere with the normal functioning of the endocrine system. By imitating, blocking, or otherwise changing hormone signalling pathways, these substances can interfere with physiological processes that are strictly controlled by endogenous hormones(Stiefel & Stintzing, 2023a). Industrial chemicals, insecticides, plasticisers, and persistent organic pollutants are examples of EDCs, which are extensively present in the environment(Metcalfe et al., 2022). Human exposure can happen through a variety of methods, including as ingestion, inhalation, and skin contact, frequently at low concentrations over extended periods of time(Nawab et al., 2024). Exposure during delicate developmental windows, such as the prenatal and early postnatal phases, when hormonal signals are crucial in determining organ development and physiological function, is especially concerning(Toledano et al., 2024a).
A group of heritable and reversible changes that control gene expression without changing the underlying DNA sequence are referred to as epigenetics. These changes include histone modifications, DNA methylation, and non-coding RNA activity. Usually, DNA methylation results in transcriptional suppression by adding methyl groups to the cytosine residues in CpG dinucleotides(Lossi et al., 2024a). Gene transcription is modulated by histone modifications including acetylation and methylation, which affect chromatin accessibility and structure. MicroRNAs and long non-coding RNAs are examples of non-coding RNAs that control post-transcriptional gene expression and aid in the regulation of cellular functions. When combined, these epigenetic processes constitutes an unpredictable interface between the external environment and the genome(Benčik et al., 2025a).
The discipline of epigenetic toxicology, which aims to comprehend how environmental exposures affect gene regulation and contribute to disease vulnerability, emerged from the convergence of epigenetics and toxicology. Due to its ability to explain how low-dose chemical exposures might result in long-term biological impacts that are difficult to account for by conventional toxicological models, this topic has drawn more attention(Reddy et al., 2025). Epigenetic modifications can be reversed, in contrast to genetic mutations, but they can also endure over time and, in certain situations, be passed down through generations. This has significant implications for discovering early indicators of exposure and effect as well as for understanding the developmental causes of health and illness(Faraji & Metz, 2026).
Despite significant advances, important knowledge gaps remain. The exact molecular pathways via which certain kinds of EDCs modify particular epigenetic marks remain unclear, and there is ongoing discussion on the degree to which these modifications are causal in the development of disease(Akanbi et al., 2024a). Furthermore, despite the strong evidence for transgenerational epigenetic inheritance seen in animal studies, ethical and methodological issues make it difficult to apply these findings to human populations. In the context of environmental exposure, standardised methods for measuring and interpreting epigenetic alterations are also required(Gemmati et al., 2025).
Recognising these challenges, the objective of this paper is to present an extensive overview of what is currently known about the epigenetic impacts of EDCs. It assesses evidence supporting transgenerational inheritance, focuses on the biological mechanisms causing epigenetic changes, and considers the consequences for human health. The paper aims to broaden the understanding of how environmental chemicals influence biological outcomes through epigenetic pathways and to identify areas that need more research by combining findings from experimental and epidemiological investigations.
2. Overview of Endocrine Disrupting Chemicals (EDCs)
Endocrine disruptive chemicals are a structurally varied class of exogenous substances that can alter endogenous hormone synthesis, secretion, transport, metabolism, and function. Their extensive use in household, industrial, and agricultural settings has led to ongoing exposure to humans and environmental contamination(Stiefel & Stintzing, 2023b). These substances are particularly complex to assess under conventional toxicological frameworks since their biological effects are frequently subtle, dosage dependant, and greatly impacted by the timing of exposure(Li et al., 2024).
2.1 Classification and Sources
EDCs can be broadly classified based on their physicochemical characteristics and place of origin. Industrial chemicals that are widely utilised in the manufacturing of plastics, food packaging materials, and personal care goods include phthalates and bisphenol A(Hilz & Gore, 2023). These substances can seep into food, water, and the environment because they are not chemically bonded to the materials in which they are embedded. Exposure is therefore common and happens as a result of regular everyday activity(Di Pietro et al., 2023).
Another important category is persistent organic pollutants. These substances, which include dioxins, polychlorinated biphenyls, and several organochlorine insecticides, are distinguished by their lengthy biological half-lives, lipophilicity, and resilience to environmental deterioration(Raheem et al., 2025). Larger trophic levels experience larger concentrations as a result of their persistence, which promotes bioaccumulation in living things and biomagnification along food chains. Their persistent presence in soil, water, and biota is still a serious hazard, even in areas where their usage has been curtailed(Chidewe et al., 2025).
Pesticides and heavy metals also play a significant role in endocrine disruption. Through processes including oxidative stress, enzyme inhibition, and receptor modulation, metals like cadmium, arsenic, and lead can disrupt hormonal signalling(Madesh et al., 2024). Organophosphates, carbamates, and pyrethroids are among the pesticides that are frequently used in agricultural activities and have been demonstrated to have endocrine-disrupting qualities. Occupational environments, tainted water sources, and nutritional consumption are frequently associated with exposure to these chemicals(Muñoz-Bautista et al., 2025).

2.2 Exposure Pathways
There are several ways that humans might be exposed to EDCs, starting in the prenatal stage(Potiris et al., 2025a). Many EDCs can pass through the placental barrier during pregnancy, exposing the growing foetus to biologically active substances at a time when organ systems are most sensitive to hormonal cues. This early exposure may have an impact on developmental programming and put people at risk for illness in later life(Puche-Juarez et al., 2023a).
The main ways through which postnatal exposure occurs are by ingestion, inhalation, and skin absorption, and it persists throughout life(Ahmad et al., 2024). Dietary intake is a significant pathway, especially when tainted food or water is consumed. Particularly in urban and industrial settings, inhalation exposure is influenced by airborne EDCs, which include volatile chemicals and particulate-bound contaminants(Rose, 2026). In other industries, where workers may come into contact with higher amounts of particular chemicals, occupational exposure is particularly important. Because these exposures are cumulative and frequently chronic, it is crucial to comprehend their long-term biological impacts(Betancur et al., 2024).
2.3 Biological Targets
Endocrine system elements, especially hormone receptors and related signalling pathways, are the main biological targets of EDCs. These contain receptors for thyroid, oestrogen, and androgen hormones, which control a variety of physiological functions(Thambirajah et al., 2022). EDCs can modify typical hormonal responses and disturb homeostasis by acting as agonists, antagonists, or modulators of these receptors(Ahn & Jeung, 2023).
EDCs can affect hormone synthesis, transport, and metabolism in addition to their receptor-mediated effects, which exacerbates endocrine imbalance(Akanbi et al., 2025a). During crucial stages of development like embryogenesis, foetal growth, infancy, and puberty, the effects of these disturbances are particularly noticeable. Tissue and organ system development and maturation are regulated by hormonal signals during these times. Interference at these stages may cause permanent or long-lasting changes in physiological function(Puche-Juarez et al., 2023b).
To comprehend the impacts of EDCs, the concept of developmental windows of exposure is essential(Liang et al., 2025a). Exposure during these delicate times might have long-term effects that may not show up right away, such as metabolic problems, reproductive issues, or an elevated risk of disease. When evaluating the health effects of endocrine disrupting substances, a life-course approach is necessary, as this temporal dimension emphasises(Toledano et al., 2024b).



3. Epigenetic Mechanisms Altered by Endocrine Disrupting Chemicals
Endocrine disruptors affect cellular function by altering the epigenetic architecture that controls gene expression in addition to directly interacting with hormone receptors(Akanbi et al., 2024b). These changes are frequently persistent, context-dependent, and extremely sensitive to exposure time. EDCs can cause coordinated alterations in gene networks that govern development, metabolism, and endocrine homeostasis by focusing on several levels of epigenetic regulation(Stiefel & Stintzing, 2023c).
3.1 DNA Methylation
One important way that EDCs have long-lasting regulatory effects is through DNA methylation. When present in gene promoter areas, this process—which entails the enzymatic addition of methyl groups to cytosine residues, usually inside CpG dinucleotides—is usually linked to transcriptional suppression(Hwang et al., 2026a).
Global and gene-specific alterations in DNA methylation have been connected to exposure to EDCs. While localised hypermethylation or hypomethylation at particular loci can interfere with the expression of genes involved in hormonal signalling and developmental pathways, global hypomethylation can damage genomic integrity and encourage aberrant gene activation(Akanbi et al., 2024c). When these gene-specific changes impact regulatory genes or imprinted areas, they are frequently more closely linked to phenotypic results(Lynch-Sutherland et al., 2026).
CpG islands, which are often found near promoter regions, are particularly vulnerable to methylation alterations brought on by the environment(Heery & Schaefer, 2025). Inappropriate gene activation or silencing may result from methylation pattern disruption in certain areas. Particularly when they take place during crucial phases of development, such abnormalities may continue after the original exposure period and lead to long-term changes in cellular function(Rembiałkowska et al., 2025).
3.2 Histone Modifications
Histone modifications provide another important mechanism by which EDCs regulate chromatin structure and gene expression. Histone proteins undergo a range of post-translational modifications, including acetylation, methylation, and phosphorylation, which collectively influence the accessibility of DNA to transcriptional machinery(Hwang et al., 2026b).
By changing the activity of the enzymes that cause these changes, EDCs can change the ratio of repressive to transcriptionally active chromatin states(Singh, 2024a). While deacetylation results in chromatin condensation and transcriptional inhibition, increased histone acetylation is typically linked to relaxed chromatin and increased gene expression. Depending on the particular residues and level of methylation, histone methylation might have more complicated consequences(Nguyen Van & Lamartine, 2025).
By making these changes, EDCs support chromatin remodelling, which controls how DNA is arranged spatially inside the nucleus. Inappropriate activation or silencing of gene clusters, especially those related to endocrine regulation, cell differentiation, and developmental programming, can be caused by altered chromatin states(Q. Yang et al., 2023a).



3.3 Non-coding RNAs
Non-coding RNAs are an adaptable and quickly growing part of the epigenetic regulation system. Instead of encoding proteins, these compounds influence gene expression at several levels, such as chromatin architecture, translation, and mRNA stability(Benčik et al., 2025b).
By attaching to target messenger RNAs and either accelerating their degradation or preventing translation, microRNAs play a significant role. It has been demonstrated that exposure to EDC modifies microRNA expression profiles, which impacts pathways linked to cell division, apoptosis, and metabolic control(Akanbi et al., 2025b). By engaging with chromatin-modifying complexes and directing them to particular genomic loci, long non-coding RNAs support transcriptional regulation. Because of their covalently closed form, circular RNAs have the capacity to control the availability and sequestration of microRNAs, hence regulating gene expression(Hwang et al., 2026c).
Widespread dysregulation of gene expression and heightened vulnerability to disease can result from EDCs disrupting non-coding RNA networks, which can intensify the impact of other epigenetic modifications(Rani et al., 2025a).
3.4 Epigenome–Endocrine Crosstalk
Endocrine signalling pathways and the epigenetic apparatus interact in a highly integrated and reciprocal manner(Azeez et al., 2026). While epigenetic states dictate how receptive cells are to hormonal cues, hormones can affect the recruitment and activity of epigenetic modifiers. Although this dynamic link guarantees accurate physiological process regulation, it also creates several potential areas of disruption(Kaya et al., 2024).
By imitating or opposing endogenous hormones, EDCs disrupt this interaction and change receptor-mediated signalling pathways. Changes in chromatin structure and transcriptional activity can arise from these interactions, which can affect the location and activity of epigenetic enzymes at certain gene loci(Shulhai et al., 2024). Additionally, hormone receptor and signalling component expression can be changed by EDC-induced epigenetic alterations, which can further influence cellular sensitivity to endocrine cues(Damiano et al., 2025).
The durability and intricacy of EDC effects are largely explained by the alteration of epigenome–endocrine connections. It offers a paradigm for comprehending how exposure to the environment can result in coordinated, long-term alterations in gene regulation, which may have consequences for both individual health outcomes and possible effects on future generations(Ma et al., 2025).


The mechanistic interplay between endocrine disruption and epigenetic regulation is illustrated in Figure 1.
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Figure 1: Conceptual framework illustrating the mechanisms of endocrine-disrupting chemical (EDC)-induced epigenetic toxicity. EDC exposure disrupts hormonal signaling and induces oxidative stress, leading to alterations in DNA methylation, histone modifications, and non-coding RNA expression. These changes drive persistent gene expression reprogramming, contributing to disease development and potential transgenerational inheritance.
Source: Created by the author 
4. Molecular Mechanisms of Epigenetic Toxicity
Environmental exposure is linked to long-lasting alterations in gene regulation through interrelated molecular pathways that mediate the epigenetic impacts of endocrine disrupting substances(Sobral et al., 2025a). These mechanisms include changes in signalling cascades, cellular redox balance, and the enzymatic machinery that creates and preserves epigenetic marks. They go beyond direct hormonal interference. Clarifying these pathways is crucial to understanding how EDCs cause biological consequences that are durable and, in certain situations, heritable(Q. Yang et al., 2023b).
4.1 Receptor-Mediated Pathways
Disruption of nuclear receptor signalling is one of the main ways that EDCs cause epigenetic damage(Liang et al., 2025b). Numerous EDCs have structural similarities to endogenous hormones and have the ability to bind to receptors for thyroid, androgen, and oestrogen. These receptors engage with particular DNA sequences and attract co-regulatory proteins to operate as transcription factors that control gene expression after ligand binding(Jin et al., 2025).
By functioning as receptor agonists or antagonists, EDCs can influence the transcriptional activity of hormone-responsive genes and change this strictly controlled process(Mokhtari et al., 2025). The recruitment of epigenetic modifiers, such as histone acetyltransferases, histone deacetylases, and methyltransferases, to target gene promoters is frequently altered by this disruption. Transcriptional activity is either increased or suppressed as a result of the chromatin landscape being changed(Sena et al., 2024).
Furthermore, long-range gene regulation and higher-order chromatin architecture can be affected by receptor-mediated pathways(Ladel et al., 2026). EDCs can increase their biological impact by causing coordinated alterations in gene networks that control development, metabolism, and endocrine function by interfering with these processes(Liu et al., 2025).


4.2 Oxidative Stress and Inflammation
One important indirect route connecting exposure to EDC and epigenetic changes is oxidative stress(Peivasteh-roudsari et al., 2023). Reactive oxygen species, which can harm cellular macromolecules and interfere with regular signalling pathways, are produced by several EDCs. By altering DNA, histone proteins, and the activity of epigenetic enzymes, elevated amounts of reactive oxygen species can affect epigenetic control(Ahmed et al., 2024).
Reactive oxygen species can disrupt DNA methylation by changing the availability of methyl donors or by directly interfering with DNA methyltransferase activity(Di Carlo & Sorrentino, 2024). Methylation patterns can change as a result of abnormal repair processes brought on by oxidative DNA damage. Similarly, acetylation and methylation enzymes can be impacted by oxidative stress, which can change chromatin structure and gene expression through histone changes(Lossi et al., 2024b).
Epigenetic instability is also exacerbated by inflammatory reactions brought on by EDC exposure. Pro-inflammatory signalling pathways have the ability to trigger transcription factors that attract epigenetic modifiers to particular genomic areas, resulting in long-term alterations in gene expression(Hwang et al., 2026d). Oxidative stress and inflammation work together to produce a cellular milieu that promotes long-lasting epigenetic remodelling and heightened vulnerability to illness(Manful et al., 2025).
4.3 Disruption of Epigenetic Enzymes
EDCs can change the accuracy of gene regulation by directly targeting the enzymes that create and preserve epigenetic marks(Hwang et al., 2026d). Histone acetyltransferases, DNA methyltransferases, and histone deacetylases are essential for regulating patterns of histone modification and DNA methylation. When these enzymes are interfered with, extensive epigenetic changes may occur(X. Zhang et al., 2024).
Abnormal methylation patterns, such as both locus-specific hypermethylation and global hypomethylation, can result from inhibition or dysregulation of DNA methyltransferases(Mohd Kamal et al., 2024). These modifications have the potential to alter gene expression profiles and jeopardise genomic stability. In a similar vein, changes in the activity of histone acetyltransferases and deacetylases can affect transcriptional outcomes by shifting the equilibrium between relaxed and condensed chromatin states(S. Yang et al., 20 2 vt65a).
The fact that these enzyme-mediated effects can spread during cell divisions and sustain changed epigenetic states over time makes them especially important. Thus, brief exposure to EDCs can result in long-lasting alterations in gene expression that aid in the development of disease and may, in some circumstances, be passed down through generations(Peivasteh-roudsari et al., 2023).

5. Transgenerational Epigenetic Effects
A crucial component of comprehending the long-term effects of endocrine disrupting substances is the idea of transgenerational epigenetic inheritance(Y. Zhang et al., 2024a). Epigenetic changes brought on by environmental influences may endure throughout generations, affecting phenotypic outcomes in descendants who have not been directly exposed, in contrast to traditional toxicological effects that are limited to those who are directly exposed. This phenomena calls into question established theories of inheritance and poses significant queries about the durability and transmissibility of epigenetic modifications brought on by the environment(Banushi et al., 2025a).
5.1 Definitions and Concepts
Transgenerational and multigenerational inheritance must be distinguished clearly. Outcomes shown in several generations that have been directly exposed to a certain environmental element are referred to as multigenerational impacts(Sun et al., 2025). For instance, when a pregnant woman is exposed to an EDC, the developing foetus and the germ cells within it are also directly exposed. Therefore, rather than real heredity, impacts seen in the first and second generations can be the result of direct exposure(Klibaner-Schiff et al., 2024a).
On the other hand, epigenetic modifications that are passed down to succeeding generations without direct exposure are known as transgenerational inheritance(Holuka et al., 2024). Stronger proof of heritable epigenetic changes is provided in this situation by effects seen in generations after the first exposure. Accurately interpreting experimental and epidemiological results and evaluating the long-term effects of environmental exposures depend on this distinction(Gill et al., 2026).
5.2 Germline Epigenetic Reprogramming
DNA methylation patterns and other epigenetic markers are erased and re-established during significant epigenetic reprogramming that takes place during early embryonic development and germ cell formation. It is believed that this procedure restores developmental totipotency and stops epigenetic mistakes from being passed down across generations(Adetunji et al., 2025).
Nevertheless, some EDC-induced epigenetic changes might evade this reprogramming procedure(Akanbi et al., 2025c). Certain regulatory elements and imprinted genes are examples of genomic regions that are resistant to demethylation and may maintain changed epigenetic states. Following their transmission through the germline, these enduring marks may contribute to heritable alterations in phenotype and gene expression(Klibaner-Schiff et al., 2024b).
Although the exact processes behind this escape from reprogramming are unknown, they might include protective chromatin structures, protein binding, or changes in the activity of enzymes that cause epigenetic resetting(Gao et al., 2024). A tenable biological foundation for transgenerational inheritance is provided by the persistence of such alterations(Holuka et al., 2024).
5.3 Evidence from Animal Models
Transgenerational epigenetic effects of EDC exposure have been strongly supported by experimental research in animal models. Particularly in rodent models, exposure to specific chemicals during crucial stages of development has been shown to cause problems in behaviour, metabolism, and reproduction in later generations(Toledano et al., 2024b). Changes in DNA methylation, histone modifications, and the expression of non-coding RNA in germ cells and somatic tissues frequently accompany these effects(Cui et al., 2025).
With benefits including quick development, external fertilisation, and simplicity of genetic and epigenetic research, zebrafish models have also added to this corpus of information(Szychlinska & Gammazza, 2025). Research in these organisms has demonstrated that exposure to EDC can result in developmental outcomes and gene expression changes that are heritable over several generations(Puche-Juarez et al., 2023c).
Although these results offer compelling evidence to support the theory of epigenetic inheritance, it is crucial to acknowledge that experimental settings, such as exposure timing and dose, may not be the same as those found in human populations(Lossi et al., 2024a). However, research on animals is still a useful method for clarifying fundamental processes and determining causal links(Klibaner-Schiff et al., 2024c).


5.4 Human Evidence and Limitations
There is less and frequently indirect evidence of transgenerational epigenetic effects in humans. Early-life or ancestral exposure to environmental contaminants has been linked to health consequences in later generations, according to epidemiological research(Obrycka et al., 2026a). These include connections to neurodevelopmental disorders, metabolic illnesses, and reproductive issues. However, because of the complexity of environmental exposures, genetic diversity, and confounding factors, establishing causality in human populations is intrinsically difficult(Rudroff, 2025).
The challenge of differentiating genuine transgenerational effects from multigenerational exposure is one of the main drawbacks. Study design and data collecting are further complicated by the length of time needed to observe impacts across several generations(Fallet et al., 2023). The interpretation of results is further complicated by the variability in epigenetic measures and the absence of standardised procedures(Mueller et al., 2025).
Despite these challenges, longitudinal cohort studies and advancements in epigenomic technology are starting to offer more solid insights into the possibility of epigenetic inheritance in humans(Banushi et al., 2025b). Further investigation is required to determine the mechanisms governing the persistence and transmission of EDC-induced epigenetic modifications as well as the degree to which they contribute to disease risk across generations(Liang et al., 2025c).
6. Health Implications
Endocrine disrupting chemicals have enormous effects on human health due to their epigenetic effects, which can lead to a wide range of illnesses that frequently appear long after the first exposure(Singh, 2024b).EDCs can interfere with endocrine homeostasis and developmental programming by changing gene expression through DNA methylation, histone modification, and non-coding RNA regulation. This increases vulnerability to neoplastic, metabolic, neurodevelopmental, and reproductive illnesses(Liang et al., 2025d).
6.1 Reproductive and Developmental Disorders
Reproductive and developmental problems have been closely linked to exposure to EDC(Svingen, 2025). Menstrual cyclicity disruption, decreased fertility, and impaired gametogenesis can all result from changes in hormone signalling and epigenetic control(Martinović et al., 2024). One endocrine condition associated with early-life exposure to EDCs is polycystic ovarian syndrome (PCOS), which may result from epigenetic changes in genes controlling ovarian function and steroidogenesis(Lemogne Robert et al., 2025). Furthermore, depending on the type and timing of exposure, there is evidence that EDCs can affect the timing of puberty, with both precocious and delayed onset. These abnormalities frequently indicate long-term changes in hormone responsiveness and reproductive organ development(Sha et al., 2025).

6.2 Metabolic Diseases
One of the main effects of EDC exposure is metabolic dysfunction, which includes obesity and type 2 diabetes(Wang et al., 2026). It has been demonstrated that substances like phthalates and bisphenol A disrupt insulin signalling, adipogenesis, and energy balance by epigenetically altering important metabolic genes. Because early-life exposure might leave long-lasting epigenetic imprints that make people more susceptible to metabolic diseases later in life, it is especially important(Alum et al., 2025). The possibility of transgenerational risk is highlighted by animal research and epidemiological evidence suggesting that EDC-induced metabolic changes may also affect future generations(Y. Zhang et al., 2024b).
6.3 Neurodevelopmental Disorders
The nervous system is extremely vulnerable to endocrine disturbance throughout development. Through epigenetic pathways, EDCs can disrupt neuroendocrine signalling, neuronal differentiation, and synaptic plasticity(Yacoub et al., 2025). Behavioural abnormalities, attention problems, and cognitive impairment have all been linked to altered expression of genes that regulate neurodevelopment(Sultan et al., 2025). Exposure to EDCs during pregnancy and the early years of life has been associated in epidemiological studies with a higher risk of autistic spectrum disorders, learning difficulties, and other neurodevelopmental conditions. These results highlight the significance of key exposure periods, where epigenetic disruptions can have long-term implications on brain function(Toledano et al., 2024c).
6.4 Cancer Risk
Breast, prostate, and ovarian cancers are among the hormone-dependent malignancies that are linked to exposure to EDCs(Sánchez-Ocaña & Ruiz de Porras, 2025). Genes involved in cell cycle regulation, apoptosis, and DNA repair may be dysregulated by epigenetic changes brought on by EDCs, which can foster the development and spread of tumours. Early-life exposure may have long-lasting impacts on cancer susceptibility, according to epidemiological research and experimental models(Pathak et al., 2023). These effects may be mediated by long-lasting alterations in DNA methylation, histone modifications, and non-coding RNA expression. The long-term carcinogenic potential of endocrine disrupting substances is mediated by epigenetic pathways, as these observations demonstrate(Romanò et al., 2025).

Table 1 provides a systems-level integration of major classes of endocrine-disrupting chemicals (EDCs), their primary epigenetic mechanisms of action, molecular targets, affected biological systems, and associated disease outcomes, alongside their translational relevance.
 
	Exposure Class
	Dominant Epigenetic Disruption
	Key Molecular Targets
	Systems Affected
	Disease Link
	 Translational   Relevance

	Bisphenols
	Promoter hypermethylation
	Estrogen receptor genes
	Endocrine/reproductive
	Breast cancer, infertility
	High

	Phthalates
	miRNA dysregulation
	Metabolic regulators
	Metabolic system
	Obesity, insulin resistance
	High

	Heavy metals
	Histone modification imbalance
	Chromatin remodeling enzymes
	Nervous system
	Neurotoxicity
	Moderate

	Persistent organic pollutants
	Global DNA hypomethylation
	Genome-wide CpGs
	Multi-system
	Cancer, immune dysfunction
	Emerging

	Pesticides
	Oxidative stress-linked epigenetic change
	ROS-sensitive pathways
	Neurodevelopment
	Cognitive disorders
	Moderate



Table 1: Systems-Level Integration of EDC Exposure, Epigenetic Disruption, and Disease Outcomes

To provide an integrated perspective on exposure, mechanism, and disease outcomes, Table 1 summarizes key classes of endocrine-disrupting chemicals and their epigenetic and clinical impacts.
7. Biomarkers and Epigenetic Signatures
Discovering reliable biomarkers is crucial for identifying endocrine disrupting chemicals, tracking their effects, determining each person's vulnerability, and putting preventative measures in place. Because epigenetic modifications reflect both environmental exposures and the resulting changes in gene regulation, they present a viable pathway for the development of biomarkers(Kim & Kim, 2026a). Among these, non-coding RNAs and DNA methylation patterns have been shown to be especially useful markers of biological alterations brought on by EDC(Akanbi et al., 2024d).
A reliable and quantitative way to assess exposure and impact is through DNA methylation markers. Particularly in genes related to hormone signalling, metabolism, and development, aberrant methylation at gene promoters or CpG islands can function as an early marker of altered transcriptional regulation(Ladisa et al., 2026a). Certain methylation signatures are useful for both mechanistic research and possible clinical applications because they have been linked to metabolic diseases, cancer risk, and reproductive abnormalities(Younesian et al., 2024).
Another category of epigenetic biomarkers with substantial translational potential is circulating microRNAs. Blood, urine, and other bodily fluids contain these tiny non-coding RNAs, whose expression profiles can reveal tissue-specific epigenetic alterations brought on by EDCs(Kim & Kim, 2026a). Changes in circulating microRNAs have been connected to neurodevelopmental, metabolic, and reproductive consequences, providing a minimally intrusive method of tracking exposure-related impacts(Ziaei et al., 2026).
By combining DNA methylation and non-coding RNA profiles, early diagnosis and risk assessment are made easier, enabling the identification of people who are more vulnerable before overt disease manifests(Ladisa et al., 2026b). These biomarkers' resolution and specificity are improved by high-throughput sequencing and focused epigenomic analysis, allowing for more accurate mapping of exposure-induced epigenetic alterations. When combined with conventional toxicological evaluations, these epigenetic fingerprints offer a thorough framework for assessing the long-term health effects of EDCs and directing preventive measures(S. Yang et al., 2025b).
8. Methodological Approaches in Epigenetic Toxicology
The development of reliable experimental and computational techniques that enable accurate characterisation of chemical-induced epigenetic changes has propelled advancements in epigenetic toxicity(Yuan et al., 2026). These methods allow researchers to connect environmental exposures to alterations in cellular activity, gene regulation, and disease susceptibility. A thorough framework for comprehending the mechanisms and effects of endocrine disrupting chemical (EDC) exposure is provided by integrating high-throughput methods, model systems, and computational studies(Han & Jin, 2025a).
8.1 High-throughput Epigenomics
The study of environmental epigenetics has been transformed by high-throughput epigenomic approaches, which enable genome-wide evaluation of DNA, histone, and RNA modifications. Methylation patterns linked to chemical exposure and disease characteristics can be found more easily thanks to epigenome-wide association studies (EWAS)(Kim & Kim, 2026b). Histone modifications and transcription factor binding sites can be mapped throughout the genome using chromatin immunoprecipitation followed by sequencing (ChIP-seq), which reveals how EDCs affect chromatin structure and gene regulation(Benčik et al., 2025c). RNA sequencing (RNA-seq) captures changes in microRNAs, long non-coding RNAs, and circular RNAs caused by EDCs and offers quantitative investigation of coding and non-coding RNA expression. When combined, these high-throughput techniques enable comprehensive mechanistic understanding of genome-wide epigenetic dysregulation(Manzoor et al., 2025).
8.2 In vitro and In vivo Models
For the purpose of proving the cause and clarifying the mechanisms underlying epigenetic toxicity, experimental models are essential. Human cell lines and organoids are examples of in vitro systems that offer controlled settings for researching the direct effects of EDCs on certain tissues and cell types(Han & Jin, 2025b). Organoids are especially useful for developmental and endocrine research because they provide three-dimensional models that more accurately resemble in vivo organ architecture and cellular interactions. Organoids are produced from pluripotent stem cells or parent tissues(Wang et al., 2025).
For assessing the systemic and intergenerational impacts of EDC exposure, in vivo models like rats and zebrafish continue to be essential. These models enable the study of developmental outcomes, transgenerational inheritance, and tissue-specific epigenetic alterations(Paquette et al., 2025). In addition to providing mechanistic information to support observational human investigations, controlled exposure experiments in animals can identify important windows of vulnerability, dose-response correlations, and long-term physiological repercussions(Sarapultsev et al., 2024).
8.3 Computational and Systems Biology
Large-scale multi-omics data integration requires computational and systems biology methods due to the intricacy of chemical interactions and epigenetic regulation. By identifying patterns of DNA methylation, histone modifications, and non-coding RNA expression, bioinformatics pipelines can establish a connection between exposure and phenotypic outcomes(Sibilio et al., 2025). The identification of important regulatory hubs and mechanistic pathways impacted by EDCs is made easier by network analysis and pathway enrichment. By modelling the dynamic connections between endocrine signalling, environmental variables, and epigenetic alterations, systems biology techniques can provide predictive insights into disease risk and possible transgenerational impacts(Rani et al., 2025b).
Researchers can gain a thorough understanding of EDC-induced epigenetic toxicity, find early indicators, and guide risk assessment and preventive measures by integrating high-throughput epigenomics, experimental models, and computational integration(Hwang et al., 2026c).

9. Regulatory and Public Health Perspectives
Regulatory bodies and public health authorities are becoming increasingly concerned about endocrine disruptive substances due to their pervasiveness and persistence(Stavros et al., 2025). The subtle, low-dose, long-term impacts mediated by epigenetic pathways are frequently missed by traditional toxicological evaluations, which mainly focus on high-dose exposure studies and obvious unfavourable consequences. Therefore, it is crucial to include epigenetic endpoints in regulatory frameworks in order to appropriately assess chemical safety and safeguard human health(Sobral et al., 2025b).
While regional variations exist, current regulation strategies often concentrate on reducing direct toxicity, reproductive risks, or acute environmental effects. EDCs can, however, have heritable and delayed effects that are not taken into consideration in traditional risk assessments, according to growing data(Puche-Juarez et al., 2023d). For instance, low-dose exposures at crucial developmental windows may cause lasting epigenetic reprogramming, although these effects might not show up for years. As a result, the lack of discernible short-term toxicity does not imply safety, highlighting the requirement for more advanced assessment techniques(Jubair, 2025).
Assessing the populations most at risk is crucial from a public health standpoint. Pregnant people, newborns, and teenagers are among the vulnerable populations because their endocrine systems and epigenomes are especially susceptible to environmental disruptions(Potiris et al., 2025b). Therefore, exposure reduction and early identification should be prioritised in public health activities. Biomarkers like DNA methylation patterns and circulating microRNAs can be used to track environmental effects and direct preventive measures(Obrycka et al., 2026b).
There are a number of challenges when integrating epigenetic data into public health and regulatory frameworks. Research is still being done to determine causality, define dose-response correlations, and standardise epigenetic tests(Catalán et al., 2025). Furthermore, risk assessment is complicated by transgenerational effects, since exposures in one generation may have an impact on health outcomes in later generations. Despite these obstacles, incorporating mechanistic epigenetic knowledge into policy choices could raise the bar for chemical safety regulations, promote disease prevention, and guide focused public health initiatives(Korolenko et al., 2023).
In general, comprehensive laws that account for the entire range of chemical risk must acknowledge the epigenetic aspect of endocrine disruption. Regulatory bodies can more accurately predict and lessen the long-term effects of EDC exposure by connecting mechanistic research, epidemiological data, and public health practice(Jaskulak et al., 2025).
10. Challenges and Future Directions
Although our understanding of the epigenetic toxicity of endocrine disrupting chemicals has advanced significantly, there are still a number of obstacles that hinder mechanistic findings from being translated into risk assessment, preventive, and treatment approaches. Resolving these issues is essential to enhancing our capacity to identify groups at risk, forecast health outcomes, and create successful interventions.
The complexity and context-dependence of epigenetic responses represent a significant challenge. Numerous genetic and environmental factors affect epigenetic changes, which are dynamic and tissue-specific. Carefully planned longitudinal studies and standardised analytical techniques are necessary to separate the effects of EDCs from other environmental exposures and intrinsic biological variability. Furthermore, the temporal aspect of exposure makes it more difficult to evaluate cause-and-effect linkages, especially during crucial developmental windows.
Translating results from experimental models to humans is another drawback. Although rodent, zebrafish, and organoid models offer strong mechanistic insights, extrapolation must be done with caution due to interspecies variations in metabolism, endocrine control, and epigenetic programming. Long latency periods, ethical restrictions, and the difficulty of controlling for confounding variables are some of the additional difficulties that human research encounter. One of the key challenges in epidemiological contexts is establishing causality.
In order to fully capture the range of EDC-induced changes, future research paths should emphasise the integration of multi-omics methods, combining transcriptomics, proteomics, metabolomics, and epigenomics. Predicting exposure results and identifying vulnerable pathways can be made easier by developments in computational modelling and systems biology. The creation of minimally invasive biomarkers, like circulating DNA methylation patterns and non-coding RNAs, would improve risk assessment and early identification, enabling tailored and preventive therapies.
Transgenerational epigenetic effects are a particularly exciting but little-studied field. To understand the durability and heredity of epigenetic changes, human longitudinal and intergenerational research is required, along with mechanistic validation in model systems. Public health policies targeted at lowering environmental exposures across generations, as well as individual risk assessment, will benefit from an understanding of these processes.
Lastly, in order to evaluate chemical safety, regulatory frameworks must change to take epigenetic information into account. This entails recognising the possibility of heritable effects, creating standardised outcomes, and incorporating low-dose and developmental exposures. It will take interdisciplinary cooperation and consistent funding to close the gap between epidemiology, mechanistic research, and regulatory practice.
To sum up, tackling these issues and adopting new approaches will progress the area of epigenetic toxicology, allowing for a more thorough comprehension of how endocrine disruptive substances affect health throughout the lifespan and generations. Enhancing prevention, directing regulatory policy, and eventually lowering the burden of EDC-related disease are all possible outcomes of such initiatives.
11. Conclusion
Endocrine disrupting substances are a ubiquitous environmental hazard that can modify biological systems via pathways other than typical receptor-mediated toxicity. The importance of epigenetic alterations, including as DNA methylation, histone modifications, and non-coding RNA regulation, in mediating the long-term and occasionally heritable impacts of EDC exposure is becoming more and more clear. A variety of human health outcomes, such as reproductive disorders, metabolic dysfunction, neurodevelopmental abnormalities, and hormone-dependent cancers, can be caused by these epigenetic disruptions that interfere with developmental programming, endocrine homeostasis, and gene regulatory networks.
The intricacy of EDC-induced toxicity is highlighted by the interaction between endocrine signalling and epigenetic pathways, which also offers a molecular framework for comprehending both immediate and transgenerational effects. These processes have been clarified through the use of animal and in vitro models, and new epidemiological research points to similar effects in people, while measurement and causality issues still exist. The discovery of epigenetic biomarkers, such as circulating microRNAs and DNA methylation signals, presents intriguing instruments for risk assessment, early detection, and preventative measures.
A more comprehensive and mechanistic knowledge of EDC impacts is made possible by developments in computational systems biology, organoid and animal models, and high-throughput epigenomics. However, there are still many obstacles to overcome, such as assay standardisation, human extrapolation, and the integration of transgenerational issues into regulatory frameworks. In order to effectively translate mechanistic findings into chemical safety laws, public health initiatives, and disease prevention initiatives, it is imperative that these gaps be filled.
In conclusion, including epigenetic viewpoints into toxicology improves our comprehension of how environmental exposures affect biological outcomes across life and possibly even across generations. In addition to advancing scientific understanding, acknowledging the epigenetic component of endocrine disruption offers a vital basis for safeguarding human health and directing evidence-based policy in a society that is becoming more and more chemical-laden.
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