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ABSTRACT

Endocrine-disrupting chemicals (EDCs) are pervasive environmental toxins that interfere with hormonal signaling
and metabolic homeostasis. Emerging evidence implicates EDCs in the pathogenesis of obesity and insulin
resistance, hallmark features of metabolic syndrome. This review provides an in-depth analysis of molecular
mechanisms by which EDCs such as bisphenol A (BPA), phthalates, organotins, polychlorinated biphenyls (PCBs),
and dioxins promote metabolic dysregulation. We explore how EDCs modulate nuclear receptor signaling, alter
adipogenesis, induce oxidative stress, reprogram epigenetic profiles, and disrupt gut microbiota, all contributing to
adipocyte dysfunction, hepatic steatosis, and impaired insulin sensitivity. Additionally, we examine
transgenerational effects and sex-specific vulnerabilities. Understanding these mechanisms is crucial for mitigating
the public health burden of environmentally induced metabolic disorders and guiding regulatory policies on chemical
exposure.
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INTRODUCTION

The global escalation of metabolic disorders such as obesity, insulin resistance, type 2 diabetes mellitus (T2DM),
and metabolic syndrome has emerged as a significant public health concern [17]. While genetic predisposition and
lifestyle factors, including poor diet and physical inactivity, have long been implicated, growing attention is being
directed toward environmental contributors. One class of environmental agents that has drawn substantial scrutiny
is endocrine-disrupting chemicals (EDCs) [27. These exogenous compounds are capable of interfering with the
endocrine system by mimicking, antagonizing, or modifying the synthesis, transport, and metabolism of endogenous
hormones. EDCs are ubiquitous in the modern environment. They are present in food packaging materials, plastic
containers, pesticides, flame retardants, cosmetics, industrial solvents, and personal care products [37]. Human
exposure occurs through ingestion, inhalation, dermal absorption, and maternal-fetal transfer. Alarmingly, EDCs
have been detected in amniotic fluid, placental tissue, and breast milk, indicating early-life and potentially lifelong
exposure [47].

Mounting evidence from epidemiological and animal studies indicates that EDCs can reprogram metabolic
pathways, leading to increased adiposity, impaired glucose homeostasis, and altered energy balance [57. These
effects often manifest at low-dose exposures and may be more pronounced during critical windows of development,
such as prenatal, neonatal, and pubertal stages. The concept of “metabolic programming” suggests that transient
exposure to EDCs during early development can have lasting consequences on an individual’s metabolic phenotype,
a concept supported by both human cohort data and experimental models [67. This review explores the molecular
and cellular mechanisms through which EDCs disrupt endocrine and metabolic functions, ultimately contributing
to the pathogenesis of obesity and insulin resistance. Particular emphasis is placed on key signaling pathways,
epigenetic modifications, organ-specific effects, and the emerging role of gut microbiota. A comprehensive
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understanding of these mechanisms is essential for the development of public health policies and preventive
interventions aimed at reducing EDC-related metabolic burden.
Classes and Sources of Endocrine Disruptors

Endocrine-disrupting chemicals encompass a diverse range of structurally unrelated substances that interfere with
hormonal signaling [27]. These include both synthetic industrial compounds and naturally occurring substances.
The major classes of EDCs relevant to metabolic health include bisphenols, phthalates, organotins, polychlorinated
biphenyls (PCBs), dioxins, and perfluoroalkyl substances (PFAS) [77].
Bisphenol A (BPA) is a widely studied synthetic estrogen commonly found in polycarbonate plastics and epoxy
resins used in food and beverage containers, dental sealants, and thermal receipts [87]. BPA can leach into
consumables, particularly under conditions of heat or acidity, and has been shown to mimic estrogenic activity by
binding to estrogen receptors (ERa and ERB) [97. It also influences non-classical receptors such as GPR30, thereby
modulating cellular signaling beyond traditional genomic pathways [107].
Phthalates, primarily used as plasticizers, are present in soft PVC plastics, cosmetics, medical devices, and household
items [117]. These compounds are known to activate peroxisome proliferator-activated receptors (PPARs),
particularly PPARa and PPARY, which are involved in lipid metabolism and adipocyte differentiation [127]. Human
exposure to phthalates occurs through ingestion of contaminated food and water, inhalation of dust, and dermal
absorption [127].
Organotins, such as tributyltin (TBT), are used as stabilizers in PVC and biocides in antifouling paints [187. TBT
has garnered attention for its role as an obesogen, activating RXR-PPARYy heterodimers to promote adipogenesis
even at nanomolar concentrations [14].
Persistent organic pollutants (POPs), including PCBs and dioxins, are by-products of industrial processes and
combustion. These lipophilic compounds accumulate in the food chain and in adipose tissue due to their resistance
to degradation [157]. PCBs, for instance, interact with the aryl hydrocarbon receptor (AhR) and have been linked to
altered glucose and lipid metabolism in both animal models and epidemiological studies [167].
Perfluoroalkyl substances, such as PFOA and PFOS, are found in non-stick cookware, water-resistant fabrics, and
food packaging. These chemicals persist in the environment and the human body for extended periods and have been
associated with dyslipidemia, impaired glucose tolerance, and thyroid hormone disruption [177].
Thus, the sources of EDCs are widespread, and human exposure is continuous and cumulative. Understanding the
various classes and their exposure pathways is crucial for assessing the risk of metabolic disruption and
implementing effective regulatory policies to reduce the associated health burden.

Molecular Mechanisms of Metabolic Disruption
The metabolic effects of EDCs are mediated through a range of molecular mechanisms that disrupt hormonal
homeostasis and alter energy balance, glucose metabolism, and lipid storage. These mechanisms primarily involve
nuclear receptor interactions, disruption of insulin signaling, induction of oxidative stress, and modulation of
adipogenesis.
A central mechanism by which EDCs exert metabolic disruption is through their ability to bind and modulate
nuclear hormone receptors [187]. Peroxisome proliferator-activated receptor gamma (PPARY) is a master regulator
of adipogenesis, and its activation promotes differentiation of preadipocytes into mature adipocytes, leading to
increased fat mass [197. EDCs such as tributyltin (TBT) and some phthalates act as potent agonists of PPARYy [77].
Moreover, these compounds also activate retinoid X receptors (RXRs), which heterodimerize with PPARY to
regulate adipocyte gene transcription [207]. This inappropriate activation results in ectopic fat accumulation and
contributes to obesity.
Estrogen receptors (ERa and ER) also play a crucial role in metabolic regulation. BPA and related compounds can
mimic endogenous estrogens and disrupt estrogen signaling, leading to alterations in glucose homeostasis, lipid
metabolism, and energy expenditure [217]. For example, BPA has been shown to impair insulin signaling in adipose
tissue by affecting phosphorylation of insulin receptor substrate-1 (IRS-1) and downstream PISK/AKT signaling
[22].
Insulin resistance is a hallmark of metabolic dysfunction induced by EDCs. Chronic exposure to these compounds
reduces insulin sensitivity by interfering with the insulin signaling cascade, particularly at the level of IRS proteins
and glucose transporter 4 (GLUT4) translocation [237]. This impairs glucose uptake in skeletal muscle and adipose
tissue, resulting in hyperglycemia and compensatory hyperinsulinemia.
Oxidative stress is another major mechanism implicated in EDC-induced metabolic disruption. EDCs can increase
the production of reactive oxygen species (ROS), leading to mitochondrial dysfunction, endoplasmic reticulum
stress, and activation of stress kinases such as JNK and NF-xB [247]. These events contribute to chronic low-grade
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inflammation, which further impairs insulin signaling and promotes adipose tissue dysfunction. Furthermore, EDCs
influence adipocyte function and lipid metabolism through dysregulation of transcription factors such as
CCAAT/enhancer-binding proteins (C/EBPs), sterol regulatory element-binding protein 1c¢ (SREBP-1c¢), and
others that govern lipid biosynthesis and storage [257].
The integration of these molecular mechanisms ultimately results in a metabolic milieu characterized by increased
adiposity, dyslipidemia, insulin resistance, and systemic inflammation. These processes are often initiated at low
doses and during critical developmental windows, underscoring the importance of early-life exposure in shaping
long-term metabolic outcomes.
Epigenetic Modifications and Transgenerational Effects
Endocrine-disrupting chemicals (EDCs) exert lasting biological effects through epigenetic mechanisms such as DNA
methylation, histone modifications, and non-coding RNA regulation [267. These modifications influence gene
expression without altering DNA sequence and can persist across generations, particularly when exposure occurs
during critical developmental windows [267]. Prenatal exposure to bisphenol A (BPA), for example, has been shown
to alter the methylation of genes involved in adipogenesis and insulin signaling, such as PPARY and IGF2 [277].
These epigenetic disruptions can impair metabolic regulation, increasing susceptibility to obesity, insulin resistance,
and other components of metabolic syndrome in offspring. In animal models, such changes have also been observed
in subsequent generations, suggesting transgenerational inheritance mediated by stable alterations in germline
epigenetic marks [287].
Crosstalk with the Gut Microbiota
EDCs disrupt the composition and function of the gut microbiota, contributing to dysbiosis and metabolic
dysfunction [297]. Exposure to compounds like BPA and phthalates shifts microbial diversity, often increasing the
Firmicutes-to-Bacteroidetes ratio, a pattern associated with obesity [307]. Dysbiosis enhances intestinal
permeability, allowing microbial products such as lipopolysaccharides (LPS) to enter systemic circulation. This
triggers Toll-like receptor 4 (TLR4)-mediated inflammatory responses, promoting low-grade chronic inflammation
and insulin resistance [317. Additionally, reduced levels of beneficial microbial metabolites such as short-chain fatty
acids further impair glucose homeostasis and immune regulation [827.
Sex-Specific and Developmental Vulnerabilities
EDCs exhibit sex-specific effects due to differences in hormone signaling and receptor expression [33]. Females
may experience greater disruption of estrogenic pathways, while males are more vulnerable to anti-androgenic
effects. Exposure during fetal, neonatal, or pubertal periods can induce irreversible metabolic reprogramming.
Animal studies have shown that in utero exposure to EDCs such as DEHP or BPA leads to sexually dimorphic
metabolic phenotypes in adulthood, underscoring the importance of developmental timing and sex in determining
EDC-related risk [847].
Future Directions
Several critical areas demand further investigation to advance our understanding of endocrine-disrupting chemicals
(EDCs) and their role in metabolic disorders. One priority is the elucidation of dose-response relationships,
particularly the non-monotonic effects observed at low exposure levels, which challenge traditional toxicological
models. Longitudinal human cohort studies integrating exposome data, including dietary, environmental, and
occupational exposures, are essential to establish causal links between EDC exposure and long-term metabolic
outcomes. Another key focus is the identification and validation of sensitive biomarkers that can detect early EDC
exposure and predict subsequent metabolic disruption, enabling timely intervention. Additionally, novel therapeutic
strategies targeting EDC-induced alterations in epigenetic regulation and gut microbiota composition hold promise.
These may include dietary modulation, microbiome-targeted therapies, or epigenetic reprogramming agents.
Integrative, multidisciplinary research combining environmental science, systems biology, and precision medicine
is crucial for developing effective prevention and mitigation strategies against EDC-driven metabolic diseases.
CONCLUSION
The growing body of evidence implicates endocrine-disrupting chemicals as significant contributors to obesity and
insulin resistance through diverse molecular pathways. Their pervasive presence in the environment and their
subtle, long-term effects on metabolic programming necessitate urgent regulatory attention and further mechanistic
research. A comprehensive understanding of these interactions will be instrumental in developing effective
preventive and therapeutic strategies against environmentally induced metabolic disorders.
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