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ABSTRACT

Endocrine-disrupting chemicals (EDCs) are widespread environmental contaminants capable of mimicking,
antagonizing, or altering endogenous hormone signaling. Beyond classical toxicological endpoints, a growing body
of evidence shows that EDCs induce epigenetic modifications - heritable changes in gene expression that do not
involve alterations to DNA sequence. These include DNA methylation, histone modification, chromatin remodeling,
and altered expression of non-coding RNAs. Such changes may persist across developmental stages and, in some
cases, be transmitted across generations, amplifying health consequences long after initial exposure. This review
synthesizes current knowledge of the mechanisms by which common EDCs such as bisphenols, phthalates,
pesticides, heavy metals, and persistent organic pollutants exert epigenetic toxicity. We explore the molecular
pathways implicated, highlight evidence from animal and human studies, and examine critical periods of
susceptibility including fetal development, puberty, and gametogenesis. Particular attention is paid to
transgenerational inheritance of altered epigenetic marks and the associated risks for endocrine, reproductive,
neurodevelopmental, and metabolic disorders. Finally, we discuss methodological challenges, emerging biomarkers,
and implications for risk assessment and regulatory policy. Understanding the interplay between EDC exposure and
epigenetic programming provides a vital framework for preventing long-term and transgenerational health impacts
in the Anthropocene.
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INTRODUCTION

Endocrine-disrupting chemicals (EDCs) are a diverse group of exogenous substances that can interfere with the
synthesis, secretion, transport, binding, or action of natural hormones in the body [1]. Even at very low
concentrations, these compounds have the capacity to disturb finely regulated endocrine signaling networks.
Common EDCs include industrial by-products, pesticides, plastic-derived compounds such as bisphenols and
phthalates, pharmaceuticals, and certain heavy metals including cadmium and arsenic [27]. Their widespread
distribution in food, water, air, and consumer products has raised global concern, particularly because exposure often
begins during sensitive life stages such as fetal development and childhood [37. The health consequences associated
with EDC exposure are wide-ranging. Experimental and epidemiological studies link them to reproductive
disorders, altered sexual development, metabolic dysfunctions such as obesity and diabetes, neurobehavioral
changes, and increased risk of hormone-related cancers [47]. Historically, the evaluation of EDC toxicity focused
largely on overt clinical outcomes or organ-specific pathology after acute or chronic exposure [57]. However,
research over the past two decades has revealed that EDCs can induce subtler yet profound changes at the molecular
level, particularly through disruption of epigenetic programming. Epigenetic mechanisms, including DNA
methylation, histone modification, chromatin remodeling, and regulation by non-coding RNAs, determine how
genes are expressed without altering the underlying DNA sequence [67. These mechanisms are especially active
during development, when environmental exposures can permanently shape gene expression profiles. Because many
epigenetic marks are mitotically and, in some cases, meiotically heritable, their disruption raises the possibility of
health effects that persist long after exposure and may even extend to subsequent generations.
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2. Epigenetic Mechanisms Relevant to Endocrine Disruption
2.1 DNA methylation
DNA methylation, primarily at cytosine residues in CpG dinucleotides, regulates gene expression by influencing
transcription factor binding and chromatin accessibility. Several EDCs have been shown to alter DNA methylation
patterns [77]. For instance, prenatal bisphenol A (BPA) exposure leads to hypomethylation of estrogen receptor
promoters, increasing receptor sensitivity. Similarly, phthalates and organochlorine pesticides induce aberrant
methylation in imprinted genes critical for fetal growth and reproductive development [87.
2.2 Histone modifications
Histone tails undergo covalent modifications, including acetylation, methylation, phosphorylation, and
ubiquitination, which collectively shape chromatin structure and transcriptional outcomes [97]. EDCs such as
vinclozolin and diethylstilbestrol (DES) disrupt histone methylation marks in germ cells, reprogramming chromatin
organization. Altered histone modifications have been linked to impaired spermatogenesis, ovarian dysfunction, and
increased susceptibility to cancers [107].
2.3 Non-coding RNAs
MicroRNAs (miRNAs) and long non-coding RNAs (IncRNAs) regulate gene expression post-transcriptionally and
interact with epigenetic machinery [117]. EDC exposure modifies miRNA profiles that govern endocrine signaling
pathways. For example, BPA exposure alters miRNAs regulating insulin signaling, contributing to metabolic
dysregulation. Persistent disruption of non-coding RNA networks may serve as a mechanistic link between
environmental exposure and systemic disorders [127].
2.4 Chromatin remodeling
ATP-dependent chromatin remodelers orchestrate nucleosome positioning and accessibility. Emerging evidence
suggests that EDCs impair chromatin remodeling complexes, disrupting normal developmental programming. Such
disruptions may compromise embryonic development and predispose offspring to disease susceptibility [137.
3. Critical Windows of Susceptibility
3.1 Embryonic and fetal development
Embryogenesis represents one of the most vulnerable stages of life, as it involves extensive cellular differentiation
and genome-wide epigenetic reprogramming [ 147. During this period, epigenetic marks such as DNA methylation
and histone modifications are erased and re-established to establish developmental gene expression programs.
Exposure to endocrine-disrupting chemicals (EDCs) during pregnancy can interfere with these processes, leading
to permanent alterations in gene regulation [157]. FFor example, maternal exposure to bisphenol A (BPA) has been
linked to changes in DNA methylation of imprinted genes, resulting in altered growth trajectories and increased
risk of obesity and metabolic syndrome in offspring. Similarly, exposure to diethylstilbestrol (DES) during fetal life
has been associated with structural abnormalities of the reproductive tract and a higher lifetime risk of hormone-
related cancers [167]. These findings highlight the developmental origins of health and disease (DOHaD) paradigm,
in which early-life EDC exposure imprints long-lasting effects on health outcomes.
3.2 Puberty and adolescence
Puberty is another critical window characterized by intense endocrine activity and epigenetic remodeling that
orchestrates sexual maturation [17. EDC exposure during this stage can disrupt hormone signaling pathways, delay
or accelerate pubertal onset, and impair fertility later in life. For instance, phthalate exposure has been associated
with altered timing of menarche in girls, while pesticides and heavy metals have been linked to reduced testosterone
levels and impaired spermatogenesis in boys [187. Because puberty is also a sensitive period for brain development,
epigenetic disruption at this stage may predispose individuals to neurobehavioral disorders, including anxiety and
depression.
3.3 Germline transmission
A particularly concerning aspect of EDC exposure is its ability to affect germ cells sperm and oocytes through
epigenetic modifications that can be stably inherited [197. Normally, epigenetic marks in germ cells are erased and
reprogrammed each generation, but some EDC-induced alterations escape this reprogramming, leading to
epimutations that persist across multiple generations. Animal studies with compounds such as vinclozolin, dioxins,
and BPA have demonstrated transgenerational reproductive defects, metabolic dysfunction, and behavioral
abnormalities in descendants up to the F'8 or F'4 generation [207]. This phenomenon underscores the potential for
EDCs to exert health impacts far beyond the directly exposed population, raising significant concerns for public
health and regulatory policy.
4. Evidence from Animal and Human Studies
4.1 Animal models
Experimental studies in animals have provided some of the most compelling evidence linking endocrine-disrupting
chemicals (EDCs) to persistent epigenetic alterations [217]. Rodents, in particular, have been widely used to
demonstrate how developmental exposure to EDCs can reprogram the epigenome in ways that persist throughout
the life course and across generations. For example, exposure to vinclozolin, a fungicide with anti-androgenic
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properties, in pregnant rats leads to reduced sperm counts, decreased fertility, and increased tumor susceptibility in
the male descendants of exposed animals [227]. These outcomes are strongly associated with altered DNA
methylation patterns in germline cells, which are transmitted through the paternal lineage to subsequent
generations. Bisphenol A (BPA), one of the most studied EDCs, has also been shown to disrupt neuroendocrine
pathways in rodents. Prenatal BPA exposure alters DNA methylation and histone modifications in the
hypothalamus, leading to changes in neuropeptide expression that regulate behavior, stress responses, and energy
balance [237. These molecular changes manifest as anxiety-like behaviors, altered sexual differentiation of the brain,
and metabolic disturbances in offspring. Similarly, exposure to diethylstilbestrol (DES) in animal models produces
epigenetic alterations in reproductive tissues, predisposing offspring to uterine and testicular abnormalities [24].
Fish models have also proven valuable, as their rapid development and transparent embryos allow direct observation
of epigenetic changes during early development. Studies in zebrafish exposed to phthalates and polychlorinated
biphenyls (PCBs) show disrupted DNA methylation in genes controlling growth and reproduction, with effects
persisting across generations [25]. Together, these animal studies establish a mechanistic link between EDC
exposure, epigenetic modification, and adverse health outcomes.

4.2 Human epidemiological findings
In humans, the picture is more complex due to heterogeneous exposure profiles, genetic diversity, and confounding
lifestyle factors [267]. Nonetheless, mounting evidence suggests that EDCs exert epigenetic effects that contribute
to disease risk. Maternal exposure to BPA, phthalates, and pesticides has been associated with altered DNA
methylation in cord blood, placental tissue, and fetal germ cells. These changes have been linked to variations in
birth weight, disrupted neurodevelopment, and increased risk of obesity during childhood.
One well-documented example is prenatal exposure to DES, prescribed to prevent miscarriage in the mid-20th
century [277]. Daughters of exposed women (the “DES daughters”) exhibit elevated risks of reproductive tract
abnormalities and breast cancer, while emerging data suggest epigenetic alterations in estrogen-responsive genes
may underlie these effects. Similarly, populations exposed to persistent organic pollutants (POPs) such as dioxins
show evidence of long-term reproductive and immune dysfunction, potentially mediated by epigenetic disruption
[28].
Epigenome-wide association studies (EWAS) are increasingly used to investigate the relationship between
environmental exposures and DNA methylation patterns at the genome level. While causality remains difficult to
prove, these studies consistently identify epigenetic signatures associated with EDC exposure. For example, prenatal
phthalate exposure has been correlated with hypomethylation in genes linked to endocrine function and
neurobehavioral regulation [297.
5. Transgenerational Health Impacts
The concept of epigenetic inheritance suggests that EDC exposure can influence not only directly exposed
individuals but also their descendants [307. Evidence from both animal and human studies supports the idea that
altered epigenetic marks in germ cells can persist through reprogramming events, giving rise to heritable disease
risks [317]. Documented health impacts are wide-ranging. Reproductive dysfunction includes reduced sperm quality,
impaired spermatogenesis, and ovarian follicle depletion. Neurodevelopmental disorders manifest as cognitive
deficits, impaired social behaviors, and altered stress reactivity [327]. Metabolic syndromes such as obesity, insulin
resistance, and type 2 diabetes have been linked to disrupted energy balance and altered epigenetic regulation of
metabolic genes. Additionally, increased susceptibility to hormone-sensitive cancers including breast, prostate, and
testicular cancers- has been observed in descendants of exposed populations.
These findings challenge traditional risk assessment frameworks, which focus on direct exposure and immediate
toxicity. The potential for epigenetic inheritance underscores the need for regulatory approaches that account for
long-term, transgenerational effects of EDCs on human health.
CONCLUSIONS
Environmental endocrine disruptors represent a unique toxicological challenge due to their capacity to induce
epigenetic modifications that persist across life stages and generations. Mechanistic evidence highlights DNA
methylation, histone modifications, and non-coding RNAs as key mediators of EDC-induced toxicity, with impacts
spanning reproductive, neurodevelopmental, metabolic, and oncogenic outcomes. Integrating epigenetic insights
into research, regulation, and risk communication will be vital to safeguarding future generations from the silent
but lasting consequences of endocrine disruption.
REFERENCES
1. Diamanti-Kandarakis E, Bourguignon JP, Giudice LC, Hauser R, Prins GS, Soto AM, Zoeller RT, Gore
AC. Endocrine-disrupting chemicals: an Endocrine Society scientific statement. Endocr Rev. 2009
Jun;30(4):293-342. doi: 10.1210/er.2009-0002. PMID: 19502515; PMCID: PMC2726844.
2. La Merrill, M.A,, Vandenberg, L.N., Smith, M.T. ¢t al. Consensus on the key characteristics of endocrine-
disrupting chemicals as a basis for hazard identification. Nat Rev Endocrinol 16, 45—57 (2020).
https://doi.org/10.1038/541574-019-0273-8

33


https://doi.org/10.1038/s41574-019-0273-8

www.idosr.org Mwende, 2026

3.

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

Aja, P. M., Fasogbon, I. V., Mbina, S. A, Eze, E. D. and Agu, P. C. Bisphenol-A (BPA) Exposure as a Risk
Factor for Non-Communicable Diseases. Intechopen, 2023. www.intechopen.com. DOI:
http://dx.doi.org/10.5772/intechopen.112623

Zoeller RT, Brown TR, Doan LL, Gore AC, Skakkebaek NE, Soto AM, Woodruft TJ, Vom Saal FS.
Endocrine-disrupting chemicals and public health protection: a statement of principles from The Endocrine
Society. Endocrinology. 2012 Sep;153(9):4097-110. doi: 10.1210/en.2012-1422. Epub 2012 Jun 25. PMID:
22733974; PMCID: PMC3423612.

Guarnotta V, Amodei R, Frasca I, Aversa A, Giordano C. Impact of Chemical Endocrine Disruptors and
Hormone Modulators on the Endocrine System. International Journal of Molecular Sciences. 2022;
23(10):5710. https://doi.org/10.3390/1jms23105710

Al Aboud NM, Tupper C, Jialal I. Genetics, Epigenetic Mechanism. [Updated 2023 Aug 147]. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2025 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK532999/

Bure IV, Nemtsova MV, Kuznetsova EB. Histone Modifications and Non-Coding RNAs: Mutual Epigenetic
Regulation and Role in Pathogenesis. Int J Mol Sci. 2022 May 22;23(10):5801. doi: 10.3390/1jms23105801.
PMID: 85628612; PMCID: PMC9146199.

Gibney, E., Nolan, C. Epigenetics and gene expression. Heredity 105, 4—13  (2010).
https://doi.org/10.1038/hdy.2010.54

Greenberg RA. Histone tails: Directing the chromatin response to DNA damage. FEBS Lett. 2011 Sep
16;585(18):2883-90. doi: 10.1016/j.febslet.2011.05.087. Epub 2011 May 27. PMID: 21621538; PMCID:
PMCs3172378.

Yao, W., Hu, X. & Wang, X. Crossing epigenetic frontiers: the intersection of novel histone modifications
and diseases. Sig Transduct Target Ther 9, 232 (2024). https://doi.org/10.1038/541392-024-01918-w
Alum, E.U, Ejemot-Nwadiaro, R.I., Basajja, M., Uti, D.E., Ugwu, O.P.C., Aja, P.M. Epitranscriptomic
alterations induced by environmental toxins: implications for RNA modifications and disease. Genes and
Environ 47, 14 (2025). https://doi.org/10.1186/541021-025-00337-9

Orji, 0.U,, Awoke, N.J,, Uti, D.E., Obasi, D.O., Aja, P.M., Ezeani, N.N., Umoru, G.U., Ogbu, P.N., Udoudoh,
M.P., Alum, E.U., Ogbu, C.O., Oodo, S.I., Ibiam, U.A. The Therapeutic Role of Gastrodin in Combating
Insulin Resistance, Inflammation, and Oxidative Stress Induced by Bisphenol-A. Natural Product
Communications. 2024519(12). doi:10.1177/1934578X241310096

Wu, YL, Lin, ZJ.,, Li, CC. et al. Epigenetic regulation in metabolic diseases: mechanisms and advances in
clinical study. Sig Transduct Target Ther 8, 98 (2023). https://doi.org/10.1038/541392-023-01333-7
Zheng, X., Liu, X., Guo, Y. et al. Physical exercise and epigenetic modifications in skeletal muscle, brain,
and heart. Epigenetics & Chromatin 18, 12 (2025). https://doi.org/10.1186/513072-025-00576-8

Eckardt NA. Genetic and Epigenetic Regulation of Embryogenesis. Plant Cell. 2006 Apr;18(4):781—4. doi:
10.1 105/tpC. 106.042440. PMCID: PMC1425841.

Ben Maamar M, Nilsson EE, Skinner MK. Epigenetic transgenerational inheritance, gametogenesis and
germline development+. Biol Reprod. 2021 Sep 145105(8):570-592. doi: 10.1093/biolre/i0ab08s. PMID:
33929020; PMCID: PMC8444706.

. Jacob, S., Moley, K. Gametes and Embryo Epigenetic Reprogramming Affect Developmental Outcome:

Implication  for  Assisted  Reproductive  Technologies. Pediatr ~ Res 58,  437—446  (2005).
https://doi.org/10.1203/01.PDR.0000179401.17161.D3

Zuccarello, D., Sorrentino, U., Brasson, V. et al. Epigenetics of pregnancy: looking beyond the DNA code. J
Assist Reprod Genet 89, 801-816 (2022). https://doi.org/10.1007/510815-022-024:5 1-X

Akhatova, A., Jones, C., Coward, K. et al. How do lifestyle and environmental factors influence the sperm
epigenome? Effects on sperm fertilising ability, embryo development, and offspring health. Clin Epigenet 17,
7 (2025). https://doi.org/10.1186/513148-025-01815-1

Rahman, M.F., McGowan, P.O. Cell-type-specific epigenetic effects of early life stress on the brain. Transl
Psychiatry 12, 326 (2022). https://doi.org/10.1038/541398-022-02076-9

Street ME, Angelini S, Bernasconi S, Burgio E, Cassio A, Catellani C, Cirillo F, Deodati A, Fabbrizi E,
Fanos V, Gargano G, Grossi E, Tughetti L, Lazzeroni P, Mantovani A, Migliore L, Palanza P, Panzica G,
Papini AM, Parmigiani S, Predieri B, Sartori C, Tridenti G, Amarri S. Current Knowledge on Endocrine
Disrupting Chemicals (EDCs) from Animal Biology to Humans, from Pregnancy to Adulthood: Highlights
from a National Italian Meeting. Int J Mol Sci. 2018 Jun 2;19(6):1647. doi: 10.3890/1jms19061647. PMID:
29865233; PMCID: PMC6032228.

Ahn C, Jeung E-B. Endocrine-Disrupting Chemicals and Disease Endpoints. International Journal of
Molecular Sciences. 2023; 24(6):534:2. https://doi.org/10.8390/ijms24065342

34


http://www.intechopen.com/
http://dx.doi.org/10.5772/intechopen.112623
https://doi.org/10.1038/hdy.2010.54
https://doi.org/10.1038/s41392-024-01918-w
https://doi.org/10.1186/s13072-025-00576-8
https://doi.org/10.1186/s13148-025-01815-1

www.idosr.org Mwende, 2026

23.

24

25.

26.

27.

28.

29.

30.

31.

32.

33.

Liang, Y., Lu, Q., Chen, M. et al. Impact of endocrine disrupting chemicals (EDCs) on epigenetic regulation
in the uterus: a narrative review. Reprod Biol Endocrinol 23, 80 (2025). https://doi.org/10.1186/512958-
025-01413-z

Aja, P. M., Ogwoni, H. A., Agu, P. C, Ekpono, E. U., Awoke, J. N., Ukachi, O. U, Orji, O. U, Ale, B.
A., Nweke, C. P., Igwenyi, I. O., Chukwu, D. C,, Offor, C. E., Asuk, A. A, Eze, E. D., Yakubu, O. E., Akobi,
J. B, Ani, O. G. and Awuchi, C. G. (2023). Cucumeropsis mannii seed oil protects against Bisphenol A-
induced testicular mitochondrial damages. Food Sci Nutr. 2023 Feb 7;11(6):2631-2641. doi:
10.1002/1sn8.3260. PMID: 87324897

Agu PC, Aja PM, Ekpono Ugbala E, Ogwoni HA, Ezeh EM, Oscar-Amobi PC, Asuk Atamgba A, Ani OG,
Awoke JN, Nwite FE, Ukachi OU, Orji OU, Nweke PC, Ekpono Ugbala E, Ewa GO, Igwenyi 10, Egwu
CO, Alum EU, Chukwu DC, Famurewa AC. Cucumeropsis mannii seed oil (CMSO) attenuates alterations in
testicular biochemistry and histology against Bisphenol a-induced toxicity in male Wister albino rats.
Heliyon. 2022 Mar 24;8(3):e09162. doi: 10.1016/j.heliyon.2022.e09162. PMID: 385846473; PMCID:
PMC9280550.

Egalini, ., Marinelli, L., Rossi, M. et al. Endocrine disrupting chemicals: effects on pituitary, thyroid and
adrenal glands. Endocrine 78, 395—405 (2022). https://doi.org/10.1007/512020-022-03076-X

Woodward AA, Urbanowicz RJ, Naj AC, Moore JH. Genetic heterogeneity: Challenges, impacts, and
methods through an associative lens. Genet Epidemiol. 2022 Dec;46(8):555-571. doi: 10.1002/ gepi.22497.
Epub 2022 Aug 4. PMID: 859244.80; PMCID: PMC9669229.

Wang, J., Zenere, A., Wang, X. et al. Longitudinal analysis of genetic and environmental interplay in human
metabolic  profiles and the implication for metabolic health. Genome Med 17, 68 (2025).
https://doi.org/10.1186/513073-025-01492-y

Wang, S., Ojewunmi, O.0., Kamiza, A. et al. Accounting for heterogeneity due to environmental sources in
meta-analysis of  genome-wide association studies. Commun  Biol 1, 1512 (2024).
https://doi.org/10.1038/542003-024-07236-9

Cardenas A, Fadadu RP, Koppelman GH. Epigenome-wide association studies of allergic disease and the
environment. J Allergy Clin Immunol. 2023 Sep;152(8):582-590. doi: 10.1016/].jaci.2023.05.020. Epub 2023
Jun 7. PMID: 87295475; PMCID: PMC10564109.

Campagna, M.P., Xavier, A., Lechner-Scott, J. e/ al Epigenome-wide association studies: current
knowledge, strategies and recommendations. Clin Epigenet 13, 214 (2021).
https://doi.org/10.1186/513148-021-01200-8

Kirmani, S., Huan, T., Van Amburg, J.C. ¢t al. Epigenome-wide DNA methylation association study of
CHIP provides insight into perturbed gene regulation. Nat Commun 16, 4678 (2025).
https://doi.org/10.1038/s41467-025-59333-w

Camerota M, Lester BM, Castellanos FX, Carter BS, Check J, Helderman J, Hotheimer JA, McGowan EC,
Neal CR, Pastyrnak SL, Smith LM, O'Shea TM, Marsit CJ, Everson TM. Epigenome-wide association
study identifies neonatal DNA methylation associated with two-year attention problems in children born
very preterm. Transl Psychiatry. 2024 Feb 28;14(1):126. doi: 10.1038/541398-024-02841-y. PMID:
384.18845; PMCID: PMC10902402.

35


https://doi.org/10.1038/s41467-025-59333-w

