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Abstract

Endocrine-disrupting chemicals have traditionally been conceptualized as organic compounds such as bisphenols,
phthalates, and persistent organic pollutants. However, a growing body of experimental, epidemiological, and
mechanistic evidence demonstrates that metal ions represent a distinct and underappreciated class of endocrine
disruptors. Unlike classical endocrine disruptors that primarily act through receptor agonism or antagonism, metals
interfere with endocrine regulation through redox imbalance, displacement of essential cofactors, modulation of
hormone synthesis and metabolism, epigenetic remodeling, and disruption of hormone receptor signaling cascades.
Metals such as cadmium, arsenic, lead, mercury, chromium, nickel, manganese, cobalt, and vanadium have been shown
to alter thyroid, reproductive, adrenal, pancreatic, and steroid hormone systems at environmentally relevant
concentrations. Their endocrine effects are often nonlinear, sex-specific, developmentally sensitive, and potentiated by
oxidative stress and inflammation. Importantly, metals may act as endocrine disruptors even when systemic
concentrations fall below traditional toxicity thresholds, reflecting their capacity to target hormone-sensitive tissues
and signaling networks. This review synthesizes current journal evidence on metal-induced endocrine disruption,
emphasizing molecular mechanisms, tissue-specific vulnerabilities, redox-endocrine crosstalk, developmental
programming, and disease outcomes. We also examine challenges in exposure assessment, the importance of metal
speciation and bioavailability, and emerging biomarkers of endocrine disruption. Finally, we discuss regulatory and
public health implications, arguing for a paradigm shift that integrates metal chemistry into endocrine risk assessment
frameworks.

Keywords: Metal ions; Endocrine disruption; Hormone signaling; Thyroid dysfunction; Reproductive toxicity;
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1. Introduction: Redefining endocrine disruption to include metal ions

Endocrine regulation depends on exquisitely coordinated signaling between hormones, receptors, enzymes, transport
proteins, and feedback loops that operate across spatial and temporal scales [1]. Small perturbations in hormone
synthesis, transport, receptor sensitivity, or metabolism can produce disproportionate biological consequences,
particularly during sensitive developmental windows. While endocrine disruption research has historically focused on
synthetic organic compounds that mimic or block hormone receptors, this framework does not fully capture the
complexity of metal-hormone interactions. Metal ions differ fundamentally from organic endocrine disruptors in both
chemistry and biology. Metals do not degrade, can accumulate in tissues, and often participate directly in enzymatic
catalysis or redox reactions [2, 3]. Many endocrine pathways depend on metal-containing enzymes, metal-binding
transcription factors, and redox-sensitive signaling nodes. Consequently, metals can disrupt endocrine systems not by
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mimicking hormones structurally, but by altering the biochemical infrastructure upon which hormonal signaling
depends [4, 5]. Moreover, several metals exhibit hormone-like activity without being classical ligands. Cadmium, for
example, can activate estrogen receptor signaling despite lacking structural similarity to estradiol [6]. Arsenic can
suppress glucocorticoid receptor transactivation without binding the ligand-binding domain [7]. These unconventional
modes of action challenge traditional receptor-centric models of endocrine disruption and explain the need for a
mechanistically broader perspective. This review integrates evidence across molecular toxicology, endocrinology, and
environmental epidemiology to establish metal ions as bona fide endocrine disruptors. Emphasis is placed on
mechanistic depth, rather than cataloging effects, to illuminate how metals reprogram endocrine physiology and
contribute to chronic disease.

2. Mechanistic foundations of metal-induced endocrine disruption

2.1. Disruption of hormone synthesis and steroidogenesis

Hormone biosynthesis relies on tightly regulated enzymatic pathways, many of which are vulnerable to metal
interference. Steroid hormones are synthesized from cholesterol through a series of oxidation, reduction, and
hydroxylation reactions catalyzed by cytochrome P450 enzymes and dehydrogenases [8]. These enzymes depend on
metal cofactors such as iron and zinc and are sensitive to redox balance. Toxic metals can inhibit steroidogenic enzymes
directly by displacing essential metals or indirectly by inducing oxidative stress that alters enzyme conformation and
activity [9]. Cadmium, lead, and mercury have been shown to suppress key steroidogenic enzymes including CYP11A1,
CYP17A1, and 3B-hydroxysteroid dehydrogenase [10]. In testicular Leydig cells, cadmium exposure reduces
testosterone synthesis even at low doses, reflecting both enzyme inhibition and mitochondrial dysfunction [11, 12].
Similarly, arsenic disrupts adrenal steroidogenesis by interfering with cholesterol transport into mitochondria and by
altering redox-dependent enzyme activity [13, 14]. Beyond inhibition, some metals dysregulate hormone synthesis by
uncoupling feedback loops [15]. Chronic low-dose metal exposure can blunt hypothalamic-pituitary signaling, leading
to inappropriate hormonal output despite normal circulating hormone levels [16, 17]. This functional disruption
complicates diagnosis and underscores why endocrine effects may be missed when relying solely on serum hormone
concentrations.

2.2. Interference with hormone receptors and transcriptional signaling

Hormone receptors function as ligand-activated transcription factors whose activity depends on precise conformational
changes, co-regulator recruitment, and redox state. Metal ions can disrupt receptor signaling at multiple levels without
acting as classical agonists or antagonists [18]. Some metals bind directly to receptor domains, particularly zinc finger
motifs within DNA-binding regions, altering receptor-DNA interactions and transcriptional fidelity [19]. Cadmium is a
prototypical example, capable of activating estrogen receptor-a signaling pathways and inducing estrogen-responsive
gene expression in vitro and in vivo [20]. Importantly, cadmium-induced estrogenic signaling occurs at concentrations
far below those causing overt toxicity, suggesting endocrine disruption is a sensitive endpoint [21]. Nickel and cobalt
similarly influence estrogen and androgen receptor activity through redox modulation and altered co-activator
recruitment [22]. Other metals interfere with receptor signaling indirectly by targeting downstream kinases and
phosphatases [23, 24]. Arsenic suppresses glucocorticoid receptor-mediated gene transcription by inhibiting co-
activator function and disrupting chromatin remodeling, despite not preventing hormone binding [25, 26]. These
findings demonstrate that endocrine disruption can arise from post-receptor signaling interference, expanding the
definition beyond ligand mimicry.

2.3. Redox-endocrine crosstalk as a central mechanism

A defining feature of metal-induced endocrine disruption is its intimate connection to oxidative stress. Many hormone
receptors and signaling pathways are redox-sensitive, relying on reversible cysteine oxidation to regulate activity.
Metals capable of generating reactive oxygen species or depleting antioxidant defenses can therefore distort endocrine
signaling by shifting cellular redox balance [27, 28]. Oxidative stress alters thyroid hormone synthesis by damaging
thyrocyte membranes and impairing iodide uptake and organification [29, 30]. In reproductive tissues, redox imbalance
affects gonadotropin signaling and steroid hormone responsiveness [31, 32]. In pancreatic -cells, which possess
limited antioxidant capacity, metal-induced oxidative stress disrupts insulin synthesis and secretion, contributing to
metabolic dysfunction [33]. Importantly, oxidative stress does not merely damage endocrine tissues but reprograms
endocrine responsiveness, changing how cells interpret hormonal signals. This redox-endocrine coupling explains why
metal exposures are often linked to metabolic syndrome, thyroid disease, and reproductive disorders even in the
absence of gross tissue injury.
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3. Thyroid hormone disruption by metal ions

3.1. Interference with thyroid hormone synthesis and metabolism

The thyroid axis is particularly vulnerable to metal exposure due to its reliance on redox reactions and trace element
balance [34]. Thyroid hormone synthesis requires iodide uptake, oxidation, and coupling reactions mediated by thyroid
peroxidase. Metals such as mercury, cadmium, and arsenic interfere with these processes by inhibiting peroxidase
activity and generating oxidative stress within thyrocytes [35]. Several metals also alter peripheral thyroid hormone
metabolism. Deiodinase enzymes, which convert thyroxine (T4) to the active hormone triiodothyronine (T3), are
selenium-dependent and redox-sensitive [36]. Metal-induced oxidative stress or selenium displacement can impair
deiodinase function, leading to altered T3/T4 ratios without changes in total hormone levels [37]. This pattern is
frequently observed in epidemiological studies, where metal exposure correlates with subclinical hypothyroidism or
altered thyroid hormone profiles rather than overt thyroid disease. Such subtle disruptions can nevertheless have
significant neurodevelopmental and metabolic consequences.

3.2. Developmental vulnerability and neuroendocrine consequences

Thyroid hormones are essential for brain development, particularly during gestation and early childhood [38, 39]. Even
modest perturbations in maternal thyroid hormone availability can impair neuronal migration, myelination, and
synaptogenesis. Metals that disrupt maternal thyroid function therefore pose disproportionate risks during pregnancy
[40]. Prenatal exposure to arsenic, lead, and mercury has been associated with altered neonatal thyroid hormone levels
and adverse neurodevelopmental outcomes [41-43]. Experimental models demonstrate that metal-induced thyroid
disruption during critical windows leads to persistent changes in brain structure and function, consistent with
developmental endocrine programming [44, 45]. These findings highlight the importance of considering life-stage-
specific endocrine disruption, as the same exposure may have minimal effects in adults but profound consequences
during development.

3.3. Thyroid hormone transport and receptor signaling

Beyond synthesis and metabolism, metals influence thyroid hormone action by altering transport proteins and receptor
signaling [46]. Transthyretin and thyroxine-binding globulin can be modified by oxidative stress, affecting hormone
distribution [47, 48]. At the cellular level, thyroid hormone receptors are redox-regulated, and metal-induced oxidative
stress can impair receptor binding to DNA and transcriptional activation [49]. Thus, thyroid disruption by metals is
multifaceted, involving synthesis, metabolism, transport, and signaling. This complexity explains why traditional
thyroid screening may underestimate endocrine effects of metal exposure.

4. Reproductive and developmental endocrine disruption

4.1. Male reproductive axis and androgen disruption

The male reproductive endocrine system is highly sensitive to metal exposure. Testosterone synthesis,
spermatogenesis, and androgen receptor signaling depend on intact mitochondrial function and redox balance. Metals
such as cadmium, lead, and mercury disrupt Leydig cell steroidogenesis, reduce testosterone levels, and impair sperm
quality [50]. Mechanistically, cadmium induces oxidative stress in testicular tissue, damages mitochondrial membranes,
and suppresses steroidogenic enzyme expression [51]. Lead interferes with hypothalamic-pituitary signaling, reducing
luteinizing hormone stimulation of testosterone production [52]. These effects often occur at exposure levels previously
considered safe, reflecting endocrine sensitivity. Importantly, androgen disruption by metals is associated not only with
infertility but also with metabolic and cardiovascular consequences, as testosterone influences muscle mass, insulin
sensitivity, and vascular function.

4.2. Female reproductive hormones and ovarian function

In females, metal exposure disrupts ovarian steroidogenesis, folliculogenesis, and menstrual cyclicity [53]. Cadmium
and arsenic impair estrogen and progesterone synthesis by targeting granulosa and theca cell function [54]. Mercury
exposure has been linked to altered menstrual cycles and reduced fertility [55]. Ovarian tissue is particularly vulnerable
due to its high metabolic activity and reliance on redox-regulated signaling [56]. Metal-induced oxidative stress
accelerates follicular atresia and may contribute to earlier reproductive aging [57]. Epidemiological studies have
associated metal exposure with altered age at menarche and menopause, explaining long-term endocrine effects [58-
60].
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4.3. Transplacental exposure and endocrine programming

Metals readily cross the placenta, exposing the developing fetus to endocrine-disrupting effects during critical windows
[61]. Fetal exposure to metals can permanently alter hypothalamic-pituitary-gonadal axis regulation, a phenomenon
known as endocrine programming [62]. Animal studies demonstrate that prenatal metal exposure leads to persistent
changes in hormone levels, reproductive behavior, and fertility in adulthood [63, 64]. These developmental effects often
involve epigenetic mechanisms, including DNA methylation and histone modification of endocrine genes. Thus, metal-
induced endocrine disruption can span generations, reinforcing its public health significance.

5. Metabolic and adrenal endocrine disruption

5.1. Pancreatic -cell dysfunction and insulin signaling

Pancreatic B-cells are uniquely susceptible to oxidative stress due to low antioxidant defenses. Metals such as arsenic,
cadmium, and nickel impair insulin synthesis and secretion by inducing oxidative damage, disrupting calcium signaling,
and altering gene expression [65]. Chronic exposure contributes to insulin resistance and glucose intolerance. Arsenic,
in particular, has been strongly linked to diabetes risk. Mechanistic studies show that arsenic interferes with insulin
receptor signaling and suppresses insulin gene transcription, highlighting its role as a metabolic endocrine disruptor
rather than a classic toxin [66-68].

5.2. Adrenal hormones and stress axis disruption

The hypothalamic-pituitary-adrenal axis regulates stress responses, immune function, and metabolism. Metals disrupt
this axis by impairing cortisol synthesis, altering glucocorticoid receptor signaling, and modulating feedback sensitivity
[69]. Arsenic suppresses glucocorticoid receptor transactivation, while lead alters adrenal responsiveness to ACTH [70].
Chronic disruption of adrenal hormones contributes to immune dysregulation, metabolic imbalance, and
neurobehavioral changes. These effects are particularly relevant in populations experiencing both environmental metal
exposure and psychosocial stress, where endocrine disruption may amplify vulnerability.

6. Epigenetic and transgenerational dimensions of metal endocrine disruption

6.1. Epigenetic remodeling of endocrine genes

Metal exposure induces epigenetic modifications that alter endocrine gene expression without changing DNA sequence
[71]. DNA methylation changes in hormone receptors, steroidogenic enzymes, and signaling molecules have been
documented following metal exposure [72, 73]. These changes can persist long after exposure ceases, effectively
“locking in” altered endocrine states. Epigenetic mechanisms provide a unifying explanation for delayed and
transgenerational endocrine effects. By modifying chromatin structure, metals can reprogram endocrine
responsiveness across tissues and life stages.

6.2. Transgenerational inheritance and disease risk

Evidence from animal models indicates that metal-induced epigenetic changes can be transmitted across generations,
affecting reproductive capacity, metabolism, and stress responses [74, 75]. This raises concerns that current
environmental exposures may shape endocrine health in future populations. Such findings challenge regulatory
paradigms that focus on individual risk and short-term outcomes, emphasizing the need for a life-course and
multigenerational perspective.

7. Conclusion

Metal ions represent a critical yet underrecognized class of endocrine disruptors whose mechanisms extend far beyond
classical hormone mimicry. By targeting hormone synthesis, receptor signaling, redox balance, and epigenetic
regulation, metals disrupt endocrine homeostasis across multiple organ systems and life stages. Their effects are often
subtle, persistent, and amplified during development, challenging traditional toxicological assumptions and regulatory
thresholds. Recognizing metals as endocrine disruptors requires integrating metal chemistry into endocrine biology,
refining exposure assessment to capture bioavailable forms, and prioritizing sensitive windows of exposure. From
thyroid disease and reproductive dysfunction to metabolic disorders and transgenerational effects, metal-induced
endocrine disruption has profound implications for public health. Addressing this challenge demands a paradigm shift
that treats endocrine health as inseparable from environmental metal exposure and redox biology.
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