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A B S T R A C T

Breast cancer is the most common malignancy in women, and environmental factors such as endocrine- 
disrupting chemicals (EDCs) contribute to its development and progression. This review examines the roles of 
four major EDCs—bisphenols, polychlorinated biphenyls (PCBs), parabens, and dioxins—integrating mechanistic 
and epidemiological evidence. A key pathway is the cross-talk between estrogen receptor (ER) and aryl hy
drocarbon receptor (AhR), which regulates proliferation, survival, and immune evasion. Bisphenol A (BPA) 
promotes proliferation, migration, epigenetic reprogramming, and immune escape. PCBs, particularly PCB-153, 
are linked to metabolic alterations, inflammation, and variable epidemiological associations. Parabens, common 
in cosmetics, display estrogenic activity and affect oxidative stress, tumor marker expression, and metastasis. 
Dioxins, especially TCDD, act via AhR to induce inflammation, immunosuppression, and metastasis, with 
epidemiological links to cancer risk near emission sources. Collectively, these EDCs disrupt hormonal pathways, 
alter gene expression, and modulate the tumor microenvironment, underscoring the need for further research, 
regulation, and public health interventions.

1. Introduction

1.1. Breast cancer: an overview

Breast cancer is the most frequently diagnosed cancer in women, 
with 2,308,897 new cases recorded in 2022, representing 11.6 % of all 
new cancer cases that year (Bray et al., 2024). It is also the leading cause 
of cancer-related death in women, accounting for 665,684 deaths and 
6.9 % of all cancer-related deaths worldwide in the same year (Arnold 
et al., 2022). More alarmingly, it is expected that by 2040, there will be 
3,000,000 new breast cancer cases annually, representing 40 % of all 
new cancer cases (Bray et al., 2024). Moreover, breast cancer-related 
deaths are predicted to account for over 50 % of all cancer-related 
deaths by 2040, with 1,000,000 deaths annually worldwide (Bray 
et al., 2024).

Breast cancer is curable in approximately 70–80 % of patients 
diagnosed at an early, non-metastatic stage of the disease, where the 
malignancy is confined to the breast or has spread only to auxiliary 
lymph nodes. However, advanced breast cancer with distant organ 
metastases remains incurable, with treatment limited to palliative 
measures to extend survival and alleviate symptoms (Harbeck et al., 

2019).
A wide range of molecular changes can lead to the development of 

breast cancer, including genetic mutations, gene expression dysregula
tion and alterations in the tumor microenvironment (Harbeck et al., 
2019). While the exact mechanism by which breast cancer initiates re
mains unknown, extensive research has provided valuable insights 
regarding the main factors contributing to its development, which re
sults from transforming events in a single cell that are driven by both 
genetic and epigenetic alterations. Subsequent tumor progression is 
induced by accumulative additional genetic changes as well as by clonal 
expansion and selection (Harbeck et al., 2019).

Hormone receptors play a key role in this process, and hormonal 
imbalances between estrogen and progesterone during each menstrual 
cycle are believed to enhance cell proliferation and DNA damage. When 
this repetitive damage is defectively repaired, mutations can render cells 
pre-malignant, eventually leading to malignancy (Harbeck et al., 2019).

Given the differential expression profiles and other specific charac
teristics that define breast cancers, numerous classifications have been 
proposed for the disease. However, the classification most commonly 
used in clinical practice identifies five surrogate intrinsic subtypes, 
which are based on the immunohistochemical expression of ER, 
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progesterone receptor (PR), and human epidermal growth factor 2 
(HER2), as well as on the proliferation marker Ki67 index and tumor 
histology (Al-Thoubaity, 2020; Yersal and Barutca, 2014). The molec
ular characteristics and prognosis of these subtypes are described in 
Table 1.

1.2. Risk factors for breast cancer

Breast cancer is a complex heterogeneous disease that arises from the 
accumulation and interplay of genetic alterations and environmental 
factors that alter normal cell function. These risk factors are commonly 
divided into two groups: non-modifiable and modifiable factors. Non- 
modifiable factors, which account for 5–10 % of all breast cancer 
cases, include genetic susceptibility, a family history of breast cancer, 
other breast diseases, and high breast density (Daly et al., 2021) (Fig. 1). 
Modifiable risk factors, which account for approximately 90 % of all 
breast cancer cases (Daly et al., 2021), include obesity, a sedentary 
lifestyle, reproductive history, hormonal therapies, and environmental 
exposures such as radiation and xenoestrogens. Among environmental 
factors, endocrine-disrupting chemicals (EDCs) have emerged as a major 
concern. EDCs can mimic or antagonize endogenous hormones such as 
estrogens, while also inducing epigenetic changes, altering immune re
sponses, and reprogramming metabolism—mechanisms that are directly 
implicated in breast carcinogenesis (Gore et al., 2015). Key challenges in 
evaluating their role include real-world exposure to complex mixtures 
(Kortenkamp, 2007), non-monotonic dose–response relationships 
(Caporale et al., 2022), and heightened vulnerability during critical 
windows of susceptibility such as puberty, pregnancy, and menopause 
(Ho et al., 2022).

1.3. The role of estrogens

Estrogens are steroid hormones that play an important role in 
women’s development during different life stages and also contribute to 
the health of bones, the heart, and the brain in both men and women. 
They are classified based on their origin, whether they are endogenous 
(produced by glands or cells of living organisms) or exogenous (derived 
from synthetic estrogens, foods, or drugs) (Chen et al., 2022). Four types 
of estrogens have been identified in humans: estrone (E1), 17β-estradiol 
(E2), estriol (E3), and estetrol (E4). The general term “estrogen” usually 
refers to E2 (Fig. 2), as it is the most widely distributed and biologically 
active estrogen in several tissues and organs. E2 has the highest affinity 
to ERα, ERβ and G protein-coupled ER1 (GPER1, also known as GPR30) 
and plays an important role in the development of secondary female 
characteristics, the regulation of the menstrual cycle, and the growth of 
the endometrial lining from menarche to menopause. In contrast, E1 has 
a lower affinity to ERs and is the predominant estrogen during meno
pause. E3 and E4 are mainly present during pregnancy and have lower 
affinities for ERs compared to E1 and E2 (Chen et al., 2022; Nilsson 
et al., 2001).

Hormonal exposure is one of the main triggers of sporadic breast 
cancer. When estrogen binds to the ER, which is located in the nucleus 

and encoded by the ER1 (ESR1) gene, the ER is activated in a ligand- 
dependent manner. These hormonal changes occur during mammary 
gland development in adolescence, at each menstrual cycle, and with 
pregnancy, leading to hormonal imbalances, particularly between es
trogen and progesterone. As a result, during cellular proliferation and 
repeated occurrence of these hormonal processes, DNA damage can 
accumulate. Improper DNA repair mechanisms may then result in mu
tations, ultimately giving rise to precancerous cells (Harbeck et al., 
2019).

1.3.1. Canonical ERs
For decades it was believed that only one ER existed. This was later 

named ERα after a second ER was discovered (ERβ) in 1995. Since then, 
many isoforms of ERβ have been identified. The two main ERs, ERα and 
ERβ, are known as canonical receptors and are associated with the ef
fects of estrogen on the cell nucleus. Both ERα and ERβ belong to the 
steroid/thyroid hormone superfamily of nuclear receptors and share a 
structure composed of three independent but interacting functional 
domains: NH2-terminal (A/B domain), the DNA-binding domain (C 
domain), and the ligand-binding domain (D/E/F domain) (Chen et al., 
2022; Nilsson et al., 2001) (Fig. 3).

Although the precise mechanism of action of the ERs is not fully 
defined, it is known that when a ligand binds to the ligand-binding 
domain either on ERα or ERβ, it triggers receptor dimerization, allow
ing the complex to enter the cell nucleus (Fig. 4). Once in the nucleus, 
the complex interacts with estrogen response elements (EREs), activator 
protein-1 (AP-1), and specificity protein-1 (Sp1) on gene promoters, 
acting as transcription factors that regulate gene expression (Chen et al., 
2022; Fuentes and Silveyra, 2019; Nilsson et al., 2001).

The AF-1 ligand-independent activation function is located in the A/ 
B domain, where it participates in the ER protein interaction and target 
gene expression. This function is highly active in ERα, where it regulates 
a series of EREs within the promoters of target genes in different cell 
lines, but it is much less active in ERβ. Specifically, ERα facilitates the 
expression of several potentially oncogenic factors, including V-myc 
avian myelocytomatosis viral oncogene homolog (MYC), Cyclin D1, 
forkhead box M1 (FOXM1), growth regulation by estrogen in breast 
cancer (GREB1), B-cell lymphoma 2 (BCL2), insulin-like growth factor 1 
(IGF-1), and C-X-C motif chemokine ligand 12 (CXCL12) (Chen et al., 
2022; Fuentes and Silveyra, 2019; Nilsson et al., 2001).

Although ERβ is homologous to ERα and interacts with known ERα 
ligands and transcriptional coregulators, it exhibits different affinities 
and often leads to distinct functional outcomes. The activity of ERβ can 
vary significantly depending on its isoform, cellular context, and the co- 
expression of ERα. For instance, in a setting where ERα acts as a pro
liferative activator, ERβ may function as a proliferation inhibitor and 
apoptosis inducer. Another significant difference between these ERs is 
where they are primarily expressed. ERα is principally expressed in the 
uterus, ovaries, bone, white adipose tissue, kidney, liver, and breast. 
However, ERβ is typically found in male reproductive organs, the central 
nervous system, cardiovascular system, lung, immune system, colon, 
and kidney (Chen et al., 2022; Fuentes and Silveyra, 2019; Nilsson et al., 

Table 1 
Surrogate intrinsic subtypes of breast cancer.

Characteristics Subtypes

Triple- negative HER2- 
positive

Luminal B-like HER2-positive Luminal B-like HER2-negative Luminal A-like

ER expression - - + + + +

PR expression - - + + + +

HER2 expression - + + - -
Ki67 index High High High High Low
Histology NST, special type NST NST and pleiomorphic NST, micropapillary and lobular pleiomorphic NST, tubular cribriform and lobular
Prognosis Poor Intermediate Intermediate Intermediate Good

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor 2; NST, no special type.
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2001).

1.3.2. Non-canonical ERs
Non-canonical ERs, such as GPER1, mediate the effects of estrogen 

through membrane-bound signaling pathways. GPER1 consists of seven 
transmembrane α-helices, four extracellular segments, and four cyto
solic segments. It is primarily found in skeletal muscles, neurons, 
vascular endothelia, immune cells, and target effector organs. Although 
active when interacting with estrogens, it has a lower affinity to them 
than do canonical ERs. The signaling pathway activated by the binding 
of GPER1 to estrogen causes a non-genomic effect, triggering nuclear 
transcription factors by changes on ion channel opening or activating 
enzymes that promote Ca2 + mobilization, phosphatidylinositol-3- 
kinase (PI3K) and mitogen activated protein kinase (Chen et al., 2022; 
Fuentes and Silveyra, 2019; Nilsson et al., 2001) (Fig. 5).

2. Endocrine disrupting chemicals (EDCs)

EDCs are substances that interfere with the normal functioning of the 
endocrine system, potentially causing adverse health effects (Colborn 
et al., 1993). In its 2012 report “State of the Science of Endocrine Dis
rupting Chemicals”, the World Health Organization (WHO) defines an 
endocrine disruptor as “an exogenous substance or mixture that alters 
function(s) of the endocrine system and consequently causes adverse 
health effects in an intact organism, or its progeny, or (sub)populations” 
(https://www.who.int/publications/i/item/state-of-the-science-of-e 
ndocrine-disrupting-chemicals).

Although there is a wide variety of known EDCs, four types have 
been extensively studied in relation to breast cancer: bisphenols, poly
chlorinated biphenyls (PCBs), parabens, and dioxins (Fig. 6).Key find
ings from in vitro, in vivo, and epidemiological studies suggest that these 
compounds influence breast cancer development and progression by 
disrupting several physiological processes (Koual et al., 2020; Liu et al., 
2023; Morgan et al., 2017; Wan et al., 2022). Of note, a growing body of 
evidence indicates that disruption of ER and aryl hydrocarbon receptor 
(AhR) signaling constitutes a central mechanism by which EDCs pro
mote breast cancer development (Miret et al., 2023). AhR is a 
ligand-activated transcription factor that interacts with ER pathways at 
multiple levels, including direct modulation of ER target genes, 
competition for co-regulators, and regulation of metabolic and 
immune-related genes (Puga et al., 2009). Several EDCs exploit this 
cross-talk to enhance cell proliferation, survival, immune evasion, and 
epigenetic reprogramming. This ER–AhR signaling interaction has 
therefore emerged as a unifying framework to understand how diverse 
chemical exposures converge to influence breast cancer initiation and 
progression (Miret et al., 2023; Safe et al., 2013).

In this review, we focus on four major EDC classes—bisphenols, 
PCBs, parabens, and dioxins—because they represent compounds with 
widespread human exposure, substantial epidemiological and experi
mental evidence linking them to breast cancer, and well-characterized 
activity as ER and/or AhR ligands. While other EDCs such as per- and 
poly-fluoroalkyl substances (PFAS), organophosphate flame retardants 
(OPFRs), and organochlorine pesticides are also of significant concern, 
these four groups were selected as representative paradigms to illustrate 
both shared and distinct mechanisms of breast cancer development and 
progression. By offering a comparative analysis of these high-exposure 

Fig. 1. Summary of risk factors for breast cancer. On the left, most common non-modifiable risk factors. On the right, modifiable risk factors. SNPs: single nucleotide 
polymorphisms. Created in https://BioRender.com.

Fig. 2. Chemical structure of 17-β-estradiol. Created with ChemDraw.

Fig. 3. General structure of estrogen receptors (ERs). AF-1DBD: DNA-binding 
domain; LBD: ligand-binding domain; NBD: NH2-terminal domain. Created in 
https://BioRender.com.
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EDC classes, our review provides added value over previous summaries 
by integrating emerging evidence on ER/AhR cross-talk as a central 
unifying pathway, and by highlighting recent advances in epigenetic 
regulation, metabolic reprogramming, and tumor microenvironment 
modulation.

2.1. Bisphenols and breast cancer

Bisphenols, particularly bisphenol-A (BPA), have been at the fore
front of EDC research due to their widespread use and potential impli
cations for human health. BPA is a synthetic organic compound of the 

Fig. 4. Genomic effects of oestrogen binding to estrogen receptor (ER)α or ERβ. Upon binding to 17β-estradiol (E2), ERα and ERβ interact with estrogen response 
elements (EREs) to regulate gene transcription. Created in https://BioRender.com.

Fig. 5. Non-genomic effects of oestrogen mediated by membrane-associated 
estrogen receptors (ERs), such as GPER1. Binding to 17β-estradiol (E2) acti
vates various intracellular signalling pathways, including PKA (protein kinase 
A), PKC (protein kinase C), MAPK/ERK (mitogen-activated protein kinase/ 
extracellular signal-regulated kinase), and PI3K/AKT (phosphatidylinositol 3- 
kinase/Akt). Created in https://BioRender.com.

Fig. 6. Chemical structures of bisphenol A (BPA), polychlorinated bi
phenyls (PCB), parabens and dioxins. Created with ChemDraw.
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phenol family, characterized by hydroxyl groups directly attached to 
aromatic rings (Fig. 6). It is extensively used in the production of pol
ycarbonates and epoxy resins, which are key components in thermal 
paper, food and beverage containers, medical equipment, and elec
tronics. Human exposure occurs primarily through ingestion, as BPA can 
leach into food and beverages when containers are exposed to high 
temperatures or extreme pH. Additional routes of exposure include 
dermal absorption and inhalation (Keshavarz-Maleki et al., 2021). Once 
internalized, BPA accumulates in adipose tissue—particularly breast 
adipose tissue—due to its lipophilic nature. Though urinary BPA levels 
reflect recent exposure, its concentration in adipose tissue may serve as a 
biomarker for chronic exposure (Keshavarz-Maleki et al., 2021; Reeves 

et al., 2018).
Fig. 7 and Table 2 summarize the sources and effects of BPA exposure 

in breast cancer development and progression as determined through in 
vitro, in vivo, and patient studies. BPA binds to both canonical and non- 
canonical ERs and has thus been extensively studied in the context of 
breast cancer. Numerous preclinical studies have shown that BPA pro
motes tumor proliferation and migration and genomic instability 
(Stillwater et al., 2020). Awada et al. (2019) observed that BPA exposure 
increased metabolic activity and cell cycle progression in MCF-7 breast 
cancer cells in a time- and dose-dependent manner mediated by ERs. 
Additionally, BPA enhanced cell migration and upregulated DNA 
methyltransferase 1 (DNMT1), suggesting a role in epigenetic 

Fig. 7. BPA and breast cancer. BPA exposure has demonstrated diverse effects in in vitro, in vivo, and case-control studies. BPA: bisphenol A; CAT: catalase; GPER1: G- 
protein coupled estrogen receptor (also known as GPR30); PD-1: Programmed death 1; PD-L1: Programmed ligand receptor 1; PR: Progesterone receptor; ROS: 
Reactive oxygen species; SOD: Superoxide dismutase. Created in https://BioRender.com.
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alterations that affect cancer-related pathways, such as focal adhesion 
and the cGMP–PKG signaling pathway (Awada et al., 2019). In line with 
these findings, BPA engaged epigenetic mechanisms in mammary tissue 
and breast cancer models. Developmental exposure increased EZH2 and 
the repressive histone mark H3K27me3 in mouse mammary gland, 
producing long-lasting epigenomic reprogramming (Doherty et al., 
2010), while in ER-positive breast cancer cells BPA induced the onco
genic long non-coding RNA HOTAIR — a key player in gene silencing 
and breast cancer — via ER-coregulator recruitment and promoter 
chromatin remodeling (Bhan et al., 2014). These changes aligned with 
increased mammary tumor susceptibility after perinatal BPA exposure. 
Lloyd et al. (2019) reported that BPA increased p53 expression and cell 
proliferation while downregulating ERα, indicating that BPA may also 
exert effects via the c-Myc oncogene, a key regulator of cellular growth 
and metabolism (Lloyd et al., 2019). Del Favero et al. (2024) further 
demonstrated that BPA increased cell mobility in both MCF-7 and 
MDA-MB-231 cells, accompanied by cytoskeletal reorganization and 
upregulation of the invasion-related genes integrin β1 and cathepsin D 
(Del Favero et al., 2024). The effects of BPA are not limited to ERα; it 
also modulates the activity of ERβ, which may act as either a tumor 
suppressor or promoter depending on isoform expression and context. 
BPA disrupted ERβ’s protective function by altering gene expression 
patterns and shifting the ERα/ERβ balance (Hirao-Suzuki, 2021). 
Interestingly, preclinical evidence has further elucidated the role of BPA 
in breast carcinogenesis through AhR-dependent pathways. Donini et al. 
(2020) demonstrated that chronic low-dose BPA exposure in mammary 
epithelial cells promotes a more aggressive phenotype via functional 

cross-talk between AhR and the G protein–coupled receptor GPR30. 
Notably, an AhR/GPR30 gene expression signature was also associated 
with poor prognosis in ER-negative and triple-negative breast cancers 
(Donini et al., 2020).

In vivo studies using BALB-neuT mice—a transgenic model predis
posed to mammary carcinomas—revealed that BPA exposure through 
drinking water accelerated tumor onset (week 12 vs. week 16), 
increased tumor burden, and shortened survival. Although ERα 
expression was low in the tumors, GPER1 was highly expressed during 
both pre-invasive and invasive stages, suggesting that it may mediate 
BPA’s effects in ER-negative breast cancers. BPA-treated mice also 
exhibited higher levels of PR, Ki67, and CD31, along with activation of 
the Akt pathway and increased PD-1/PD-L1 expression. These findings 
indicate an immunosuppressive microenvironment, with elevated reg
ulatory T cells and exhausted T lymphocytes (Focaccetti et al., 2024). 
Kwon et al. expanded on these findings by showing that BPA not only 
promotes proliferation via ERs but also disrupts immune cell function 
and increases collagen deposition, leading to mammary gland stiffness 
and further activation of the Akt pathway. Moreover, BPA also induced 
epigenetic modifications favoring adipocyte differentiation and chronic 
inflammation, both of which contribute to a pro-tumorigenic microen
vironment (Kwon, 2022).

The influence of BPA on the tumor microenvironment has also been 
studied in relation to adipocytes. A cross-sectional study reported a 
higher incidence of hormone-related cancers in individuals with a body 
mass index (BMI) ≥ 30 who had detectable BPA exposure (Dong et al., 
2025). Experimental data showed that BPA-exposed 3T3-L1 

Table 2 
Mechanistic overview of bisphenols, PCBs, parabens, and dioxins in breast cancer development and progression.

EDC class Primary 
receptors

Key pathways reast cancer-related 
effects

In 
vitro

In 
vivo

In 
humans

References

Bisphenols 
(BPA, BPS, 
BPF)

ERα/ERβ PI3K/PTEN/AKT Proliferation √ √ Δ (Awada et al., 2019; Bhan et al., 2014; Boszkiewicz 
et al., 2020; Del Favero et al., 2024; Doherty et al., 
2010; Dong et al., 2025; Donini et al., 2020; 
Focaccetti et al., 2024; Ishtiaq et al., 2023; Kim et al., 
2017; Kwon, 2022; Lloyd et al., 2019)

GPER1 c-MYC Migration and 
invasion

AhR cross-talk Oxidative stress EMT
​ Epigenetic alterations 

(EZH2/H3K27me3, 
HOTAIR)

Inflammation
​ Immune evasion

​ NF-κB Therapy resistance;
​ Upregulation of invasion- 

related genes
Metabolic alterations

PCBs AhR (DL) CYP1A1/1B1 Proliferation √ Δ Δ (Amadou et al., 2021; Curtis et al., 2019; Desnavailles 
et al., 2024; Deygas et al., 2021; Fiolet et al., 2022; 
Goodman et al., 2022; Leng et al., 2016; Morin et al., 
2022; Parada et al., 2020; Qin et al., 2022)

(DL, NDL) ER (NDL) ILA/ILB/NF-κB Migration and 
invasion

​ ​ Oxidative stress Inflammation
​ ​ GLUT1 upregulation Immune modulation
​ ​ Epigenetic alterations 

(DNA methylation)
Metabolic alterations

Parabens (MP, 
EP, PP, BP)

ERα/Erβ ER target reprogramming Proliferation √ Δ Δ (Boberg et al., 2010; Dairkee et al., 2023; Elsehly 
et al., 2022; Guzel Bayulken and Ayaz Tuylu, 2019; 
Nowak et al., 2019, 2018)

AhR 
(chlorinated 
parabens)

Migration and 
invasion

​ Oxidative stress EMT
​ Genotoxicity and 

cytotoxicity
Immune modulation

​ Epigenetic alterations 
(DNA methylation)

Inflammation

Dioxins 
(TCDD)

AhR CYP1A1/1B1 and 
ALDH1A3 overexpression

Immunosuppression √ √ Δ (Degner et al., 2009; Koual et al., 2020; Papoutsis 
et al., 2012, 2010; Patrizi and Siciliani de Cumis, 
2018; Rhee et al., 2023; Shan et al., 2020; Sweeney 
et al., 2022; Tomblin et al., 2016; VoPham et al., 
2020)

EGFR inhibition Pro-inflammatory 
chemokines/ NF-κB

Migration and 
invasion

​ Metastasis/EMT
​ Epigenetic alterations 

(BRCA1 methylation, 
histone marks)

Inflammation
​ Therapy resistance

​ LAT1 overexpression Metabolic 
reprogramming

AhR, aryl hydrocarbon receptor; BP, butylparaben; BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S; DL, dioxin-like; EGFR, epidermal growth factor receptor; 
EMT, epithelial–mesenchymal transition; EP, ethylparaben; ER, estrogen receptor; GPER, G protein-coupled ER1; MP, methylparaben; NDL, non-dioxin-like; PP, 
propylparaben; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin. √: evidence available; Δ: limited or inconsistent evidence
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pre-adipocytes differentiated into cancer-associated adipocytes (CAAs), 
evidenced by increased lipid accumulation, elevated leptin and adipo
nectin expression, and decreased levels of the tumor suppressor PTEN. 
This resulted in activation of the PI3K/Akt pathway, promoting breast 
cancer cell migration and invasion. In vivo xenograft models in BALB/c 
mice confirmed these findings, as BPA-induced CAAs enhanced tumor 
growth (Dong et al., 2025).

Moreover, BPA can interfere with breast cancer treatment. In vitro 
studies found that BPA can reduce the efficacy of tamoxifen and other 
cytostatic therapies (Boszkiewicz et al., 2020). Finally, in a recent 
epidemiological study, Ishtiaq et al. (2023) compared BPA serum levels 
in breast cancer patients and healthy controls. Levels were significantly 
higher in patients, who also exhibited increased oxidative stress 
markers,

including elevated ROS, and decreased antioxidant enzymes like 
SOD and CAT. They further reported altered expression of cancer- 
related genes, including WNT1, and ZEB1, as well as increased p53 
expression at both mRNA and protein levels, suggesting that BPA could 
induce DNA damage via oxidative stress. Lifestyle factors, such as 
frequent consumption of canned foods and use of plastic containers, 
were associated with higher BPA levels, highlighting the importance of 
behavior and environmental factors in breast cancer risk (Ishtiaq et al., 
2023) (Fig. 7 and Table 2).

Although BPA has been the most extensively studied bisphenol, 
increasing attention has recently turned to its structural analogues, 
bisphenol S (BPS) and bisphenol F (BPF), which are widely used as BPA 
substitutes. Accumulating evidence implicates BPS and BPF in mecha
nisms relevant to breast cancer. In ER-positive MCF-7 models, both BPS 
and BPF were found to stimulate proliferation, migration, and epi
thelial–mesenchymal transition (EMT), mirroring BPA’s effects (Kim 
et al., 2017). At the tissue level, exposure of human mammary organoids 
to low-nanomolar BPS/BPF disrupted organoid architecture, increased 
supernumerary branching, and shifted the proteome toward 
pro-tumorigenic signatures (Winkler et al., 2022). Mechanistically, BPS 
and BPF bind ERs and exhibit estrogenic activity that is not only com
parable but, in some studies, even greater than BPA, while transcriptome 
profiling in ER-positive cells showed that BPA alternatives re-engaged 
estrogen-responsive gene programs (Rochester and Bolden, 2015). 
Moreover, in a study of a zebrafish model, bisphenol AF (BPAF) showed 
higher toxicity and estrogenic activity than BPA, which had been ex
pected to be more harmful (Moreman et al., 2017).

2.2. PCBs and breast cancer

PCBs are organochlorinated compounds composed of two benzenic 
rings with one to ten chlorine atoms, resulting in 209 distinct congeners 
(Fig. 6). Their exceptional thermal stability and resistance to combus
tion led to widespread use throughout the 20th century in various in
dustrial and commercial applications. However, once their toxic and 
carcinogenic activity became evident, increasing concerns prompted 
their prohibition in 1986 (Zani et al., 2013). Nonetheless, PCBs are still 
present in the environment and in older equipment and materials pro
duced before the ban was implemented. As persistent organic pollutants, 
PCBs remain stable for decades in environmental matrices such as air, 
water, soil, and biota, contributing to continued human exposure 
through multiple routes, including ingestion of contaminated fatty 
foods, inhalation, dermal contact, and transmission from mother to child 
via placenta or breastfeeding. Moreover, like BPA, PCBs accumulate in 
adipose tissue (Carpenter, 2006).

PCBs are commonly classified into three groups based on structure 
and mechanism of action, and also into dioxin-like and non-dioxin-like 
congeners (Safe, 1994). Dioxin-like PCBs act as AhR agonists, and AhR 
activation directly cross-talks with ER signaling, thereby influencing 
gene transcription programs that regulate cell proliferation, apoptosis, 
and immune responses. Epidemiological evidence indicates that 
dioxin-like congeners, through AhR activation and ER cross-talk, may be 

more strongly associated with breast cancer risk and poorer prognosis 
compared with non-dioxin-like congeners, although epidemiological 
findings remain heterogeneous (Parada et al., 2020; Zhang et al., 2015).

Fig. 8 and Table 2 summarize the sources and effects of PCB exposure 
in breast cancer development and progression. Since the prohibition of 
PCB production, many governments have set themselves the objective of 
eliminating PCBs from existing contaminated machinery. However, 
exposure to these compounds persists and can lead to the development 
of breast cancer. PCB-153 is the most commonly detected congener in 
environmental samples and a major contributor to human PCB body 
burden estimates (Fernandez et al., 2008). A recent analysis of data from 
the XENAIR case-control study, which is part of the French E3N pro
spective cohort study (Amadou et al., 2021; Deygas et al., 2021), 
revealed that the group with the highest PCB-153 concentrations had a 
69 % greater likelihood of developing breast cancer than the group with 
the lowest concentrations (Desnavailles et al., 2024). In contrast, a 
follow-up cohort study of Japanese patients involved in the 1968 Yusho 
incident, who were accidentally exposed to high levels of PCBs and di
oxins through ingestion of contaminated rice oil, showed no significant 
positive association between exposure to these contaminants and 
increased breast cancer-related death (Onozuka et al., 2020). In line 
with these findings, a cohort study in nine European countries found no 
significant association between reported dietary exposure to PCBs and 
dioxins and breast cancer incidence (Fiolet et al., 2022).

In addition, PCB29-pQ, a PCB quinone-type metabolite, was 
discovered to have the ability to promote aerobic glycolysis, an impor
tant marker of metabolic reprogramming in cancer progression. Qin 
et al. (2022) reported that PCB29-pQ exposure in breast cancer 
MDA-MB-231 cells was associated with upregulation of the glucose 
transporter (GLUT1) and other key enzymes involved in aerobic 
glycolysis. Moreover, PCB29-pQ increased cell migration and invasion in 
vitro and in female BALB/c mouse models (Qin et al., 2022).

The influence of PCBs on gene expression was also studied by Morin 
et al. (2022), who explored the effect of PCB126 on gene expression in 
primary benign breast epithelial cells (HBECs) and patient-derived ex
plants. They found that PCB126 significantly modified the expression of 
144 genes. CYP1A1, CYP1B1, interleukin 1 alpha (IL1A), interleukin 1 
beta (IL1B), and amphiregulin (AREG) were among the upregulated 
genes. CYPA1 and CYPB1 are regulated by the AhR and play a key role in 
the detoxification and metabolism of xenobiotics. IL1A and IL1B encode 
pro-inflammatory cytokines involved in immune signaling. AREG is a 
growth factor associated with cell proliferation and epithelial signaling. 
Downregulated genes included matrix metallopeptidase 7 (MMP7) and 
C-C motif chemokine ligand 28 (CCL28). MMP7 is linked to epithelial 
homeostasis and tissue remodeling, while CCL28 is related to immune 
regulation and lymphocyte chemotaxis (Morin et al., 2022).

Beyond their role as endocrine disruptors, PCBs have also been 
shown to induce epigenetic alterations, including DNA methylation, 
histone modifications, and changes in noncoding RNA expression, 
potentially promoting carcinogenic processes (Goodman et al., 2022). 
Studies indicate that the epigenetic effects of PCBs depend on their 
congener type, with non-dioxin-like PCBs generally promoting hyper
methylation, whereas dioxin-like congeners tend to induce hypo
methylation (Singh, 2024). Consistently, an epigenome-wide 
association study in a US population reported that PCB exposure was 
correlated with differential DNA methylation at over 1300 CpG sites, 
particularly in promoter regions linked to xenobiotic metabolism and 
immune function (Curtis et al., 2019). Furthermore, congener-specific 
epidemiological analyses highlight that elevated levels of 
non-dioxin-like congeners such as PCB-99, PCB-183, and PCB-187 are 
associated with increased breast cancer risk, suggesting that epigenetic 
modulation may underlie these associations (Leng et al., 2016).

2.3. Parabens and breast cancer

Parabens are esters of P-hydroxybenzoic acid with various alkyl 
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chain lengths (Chatterjee et al., 2024; Nowak et al., 2018) (Fig. 6). They 
are widely used in personal care products, such as lotions and de
odorants, as well as in pharmaceutical products, clothes, and food, to 
prevent the growth of unwanted microorganisms (Li et al., 2023). This 
extensive use of parabens makes exposure through dermal absorption or 
gastrointestinal uptake very likely. Parabens can then be distributed 
systemically throughout the body and have been detected in human 
tissues, blood, breast milk, placenta, and urine (Hager et al., 2022; Park 
et al., 2019). Those most frequently detected in biological fluids are 
methylparaben (MP), ethylparaben (EP), propylparaben (PP), and 
butylparaben (BP) (Hager et al., 2022; Nowak et al., 2018).

Their widespread and nearly unavoidable presence in daily life has 
made parabens a particular focus of research. In human skin, small in
testine, and liver, parabens undergo hydrolysis by esterases, which 
converts them into p-hydroxybenzoic acid. The rate of this reaction in
creases in proportion to the length of the paraben side chain. Conse
quently, MP, which has the shortest side chain, is the most abundant in 
biological fluids, where it remains largely intact (Ye et al., 2006). Intact 
parabens that evade first-pass metabolism by esterases can bind to 
serum albumin, which protects them from further metabolism and fa
cilitates their distribution and bioaccumulation (Obringer et al., 2021).

Fig. 9 and Table 2 summarize the sources and effects of paraben 
exposure in breast cancer development and progression. Parabens 
regulate ER-mediated gene expression in vitro, and in silico simulations 
have shown that MP and EP interact in what seems to be a spontaneous 
manner with two key amino acids in the ligand-binding pocket of ERs 
(Nowak et al., 2018). Additionally, all types of parabens exhibit similar 
affinities for ERs when administered at certain doses, and when different 
parabens are administered at the same dose, those with a longer alkyl 
chain induce the highest estrogenic activity (Tong et al., 2023). In line 
with these receptor-mediated actions, parabens also influence epige
netic regulation in breast cancer by modulating risk in a DNA methyl
ation–dependent manner and reprogramming ER-regulated 
transcription. In a population-based study, higher urinary paraben levels 
were associated with increased breast cancer risk specifically among 
women with reduced global DNA methylation and with tumors showing 
gene-specific promoter hypomethylation, indicating that DNA methyl
ation status modulates the relationship between paraben exposure and 
breast cancer risk (Parada et al., 2022). The estrogenic and anti
spermatogonic activity of parabens was observed in a study of adult 

zebrafish. After MP and PP were administered to the zebrafish, they 
developed testicular malformations and alterations, including impaired 
germ cell development and multinucleated monocytes, suggesting that 
parabens may play a significant role in upregulating ERs and down
regulating the androgen receptor (AR) (Bereketoglu and Pradhan, 
2019). Notably, some parabens may also act through AhR-related 
pathways. In aquatic toxicology studies, several chlorinated parabens 
structurally similar to hydroxylated PCBs were shown to activate AhR in 
yeast reporter systems and human HepG2 cells, inducing CYP1A1 ac
tivity (Terasaki et al., 2015). These findings suggest that certain paraben 
derivatives could contribute to breast carcinogenesis not only via ER 
signaling but also through AhR-mediated mechanisms.

On the other hand, parabens have also been shown to modulate in
flammatory and immune pathways relevant to breast cancer. In vitro and 
in vivo studies have reported that some parabens can modulate cytokine 
expression and immune-related gene networks, contributing to a pro- 
inflammatory microenvironment and to immune dysregulation with 
impaired tumor surveillance (Boberg et al., 2010; Nowak et al., 2019). In 
this context, Bayülken & Tüylü (2019) demonstrated that several para
ben esters (butyl-, propyl-, isobutyl-, and isopropylparaben) exert gen
otoxic and cytotoxic effects on human peripheral lymphocytes, as 
evidenced by increased sister chromatid exchanges, chromosomal ab
errations, and micronucleus formation (Guzel Bayulken and Ayaz Tuylu, 
2019). Since lymphocytes play a critical role in recognizing and elimi
nating transformed cells, their impairment by parabens could facilitate 
tumor immune evasion, thereby contributing to breast carcinogenesis. 
Consistently, epidemiological data suggest associations between para
ben exposure, oxidative stress, and immune suppression in breast cancer 
(Wan et al., 2022).

Based on the proven affinity of parabens to ERs, Elsehly et al. (2022)
further investigated the role of MP role in promoting tumorigenic 
behavior in MCF-7 breast cancer cells. In MCF-7 cells exposed to MP, 
they observed several changes: increased viability in a concentration- 
and time-dependent manner; a dose-dependent increase in Ki-67 
expression; a remarkable increase in E2 secretion, particularly at high 
doses; a significant increase in early apoptosis at various concentrations; 
reduced lipid peroxidation (based on malondialdehyde levels); an 
increased total antioxidant capacity; and a significantly decreased 
oxidative stress index with a strong negative correlation with cell 
viability (Elsehly et al., 2022). A recent study in zebrafish showed that 

Fig. 8. PCB and breast cancer. PCB exposure has shown multiple effects in vitro that are associated with the promotion and progression of breast cancer. Created in 
https://BioRender.com.
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exposure to PP and MP decreased the expression of several genes related 
to oxidative stress (Bereketoglu and Pradhan, 2019). A similar study 
analyzing the effects of MP and PP in mice found that although the 
number of new tumors in MP/PP-treated mice did not reach statistically 
significant levels compared to the control group, there was a qualitative 
– though not significant – increase in tissue invasion. Moreover, the 
paraben-exposed mice developed cancer phenotypes associated with 
advanced pathological stages in human breast cancer, including a sig
nificant increase in total mammary tumor volume over time and an 
increased number of pulmonary metastases per week (Tong et al., 2023).

A different approach was taken by Dairkee et al. (2023) to explore 
the role of EDCs in the development of breast cancer. In their REDUXE 
study, volunteers followed a regimen of reduced exposure to parabens 
and other xenoestrogens, and the differences in breast tissue charac
teristics before and after the REDUXE regimen were analyzed (Dairkee 
et al., 2023). Interestingly, after the REDUXE regimen, the expression 
levels of genes typically associated with cancer were found to have 
decreased and returned to levels associated with normal tissue. Specif
ically, levels of toll-like receptor 4 (TLR4), myeloid differentiation pri
mary response 88 (MYD88), and phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha (PIK3CA) showed greatly reduced 
expression levels. In addition, expression levels increased in mini
chromosome maintenance complex component 7 (MCM7) and in the 
tumor suppressor mothers against decapentaplegic homolog 4 (SMAD4). 

Additionally, 17 genes associated with the E2-modulated pathway were 
differentially expressed between the volunteers following the REDUXE 
regimen and controls; six were downregulated and 11 upregulated 
(Dairkee et al., 2023).

2.4. Dioxins and breast cancer

Dioxins are persistent organic pollutants that are generated during 
industrial processes like waste incineration, chemical manufacturing, 
and herbicide production. Dioxins are characterized by the presence of 
two benzene rings connected by a pair of oxygen atoms. Additionally, 
chlorine atoms can be paired with carbon atoms that are not bonded to 
oxygen, which increases toxicity (Mandal, 2005) (Fig. 6). Like other 
EDCs, dioxins are highly lipophilic, which allows them to accumulate in 
adipose tissue, and are also extremely environmentally persistent. Di
oxins accumulate in the food chain, primarily in animal adipose tissue, 
and require the activation of the xenobiotic receptor AhR and cyto
chrome P450 enzymes to exert their toxic effects (Denison and Nagy, 
2003; Mandal, 2005).

Fig. 10 and Table 2 summarize the sources and effects of dioxin 
exposure in breast cancer development and progression. Individuals can 
be exposed to dioxins by ingesting contaminated food, breathing 
polluted air, or touching contaminated surfaces. Exposure to especially 
high doses of dioxins is likely if an individual works in an environment 

Fig. 9. Parabens and breast cancer. Parabens can modulate several molecular pathways involved in breast cancer development and progression. E2: 17β-estradiol. 
Created in https://BioRender.com.
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where high concentrations are produced, is affected by the accidental 
release of dioxins, or lives near municipal waste incinerators (Fiedler, 
1996; Mandal, 2005). Due to their persistence and bioaccumulation, 
dioxins pose serious health risks and have been classified as group I 
carcinogens by the WHO International Agency for Research on Cancer 
(IARC) (https://monographs.iarc.who.int/agents-classified-by-the-iar 
c). In 2005, the WHO introduced the term “toxic equivalency factor” 
(TEF) to categorize the relative toxicity of dioxins, dibenzofurans and 
dioxin-like PCBs in comparison with the most biologically active toxic 
form of dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The TEF 
values were revaluated in 2022 (https://www.who.int/news/item/ 
15–03-2024-who-expert-consultation-on-updating-the-2005-toxic-equ 
ivalency-factors-for-dioxin-like-compounds-including-some-polychlo 
rinated-biphenyls). However, some classifications, especially for certain 
PCBs, remain unreliable due to lack of data. Nevertheless, it is estimated 
that by applying the newly proposed TEF criteria, the toxic equivalence 
in several food products would decrease by approximately 50 % (DeVito 
et al., 2024).

Since human exposure to dioxins is primarily through the ingestion 
of food, Shi et al. (2024) assessed dietary dioxin exposure and its asso
ciation with cancer risk and disease burden in China. Although they 

found that dioxin levels in food decreased between 2000 and 2020, in 
specific regions, dioxins remained at high concentrations. The group 
with the highest exposure was children aged 0–14 years, who also had 
the highest associated cancer risk. Interestingly, the cancer burden 
attributable to dietary dioxins was higher in males than in females, with 
prostate cancer being the most frequent type in men and breast cancer in 
women (Shi et al., 2024). In another study exploring the effects of di
oxins in the air, a prospective cohort study in non-occupationally 
exposed U.S. women revealed that dioxin emissions from municipal 
solid waste incinerators located 3–10 kms from their residences were 
significantly associated with an increased risk of invasive breast cancer, 
including both ER-positive and ER-negative subtypes (VoPham et al., 
2020). In the same line, another prospective cohort study examined the 
association between living near dioxin-producing industrial facilities 
and breast cancer incidence and mortality. Over an 11-year follow-up 
period, 2670 new cases were diagnosed, most of which were 
ER-positive. While living closer to these facilities was associated with a 
higher risk of developing breast cancer, many participants also pre
sented additional risk factors, such as a higher BMI and smoking habits. 
Nonetheless, breast cancer risk decreased proportionately to increased 
distance from the industrial facilities, likely due to the relatively short 

Fig. 10. Dioxins and breast cancer. Once inside the body, dioxins bind to the AhR in the cytoplasm, forming a ligand-receptor complex. This complex translocates to 
the nucleus, where AhR functions as a transcription factor, inducing the expression of the CYP450 gene. AhR: Aryl hydrocarbon receptor; ALDH1A3: Aldehyde 
dehydrogenase 1 family member A3; CYP1A1: Cytochrome P450 family 1 subfamily A member 1; CYP1A2: Cytochrome P450 family 1 subfamily A member 2; 
CYP1B1: Cytochrome P450 family 1 subfamily B member 1; ER+ : Estrogen receptor-positive; ER-: Estrogen receptor-negative; MCF-7; Michigan Cancer foundation-7 
breast cancer cell line; MEHP: Mono(2-ethylhexyl) phthalate; TCDD: 2,3,7,8-Tetrachlorodibenzo-p-dioxin. Created in https://BioRender.com.
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half-life of certain dioxins (Rhee et al., 2023).
Dioxins, particularly TCDD, induce metabolic reprogramming via 

AhR activation. In murine models, chronic TCDD exposure disrupts one- 
carbon metabolism and alters key metabolites such as S-adenosylme
thionine and S-adenosylhomocysteine during the progression from he
patic steatosis to steatohepatitis (Fling et al., 2020). Consistently, TCDD 
exposure also disrupts acetyl-CoA metabolism, reducing hepatic 
acetyl-CoA and β-hydroxybutyrate levels and altering protein acetyla
tion through AhR-mediated mechanisms (Cholico et al., 2023). In 
human subjects, serum metabolomic profiling revealed that high envi
ronmental dioxin levels are associated with disturbances in multiple key 
metabolic pathways—including fatty acid β-oxidation, essential fatty 
acid, glycerophospholipid, sphingolipid, arachidonic acid, and purine 
metabolism—pointing to systemic metabolic dysregulation in response 
to dioxin exposure (Liang et al., 2020). In human breast cancer cell lines 
MCF-7 and MDA-MB-231, TCDD upregulates the amino acid transporter 
LAT1 through AhR activation, involving direct AhR binding to the LAT1 
promoter region and increased histone H3 acetylation, which enhances 
leucine uptake and promotes cancer cell proliferation (Tomblin et al., 
2016). Beyond metabolic disruption, TCDD also induces epigenetic al
terations (Patrizi and Siciliani de Cumis, 2018). AhR-activating dioxins 
also remodel chromatin at breast-cancer–relevant loci. In MCF-7 cells, 
TCDD recruits AhR together with acetylated histone H4 to the COX-2 
promoter, enhancing expression via promoter-associated chromatin 
changes (Degner et al., 2009). Moreover, TCDD drives BRCA1 promoter 
hypermethylation and epigenetic silencing through AhR-dependent 
recruitment of DNMT1/MBD2 and histone-modifying enzymes 
(Papoutsis et al., 2012, 2010).

In an in vitro study, Koual et al. (2021) studied how breast cancer 
MCF-7 cells, in co-culture with hMADS preadipocytes, responded to 
TCDD exposure in their microenvironment. The TCDD-exposed cells 
presented reduced adhesion, enhanced expression of ALDH1A3, 
CYP1A1 and CYP1B1, lower mRNA expression of E-cadherin, and sig
nificant morphological alterations, including extended lamellipodia 
(cytoskeletal projections on the edges of a cell) and giant multinucleated 
cells. Taken together, these modifications made up a pro-metastatic 
phenotype. Interestingly, when the same conditions were replicated in 
zebrafish xenograft models, the number of brain metastases in the 
TCDD-exposed groups was significantly higher than in the control group 
(Koual et al., 2021).

In an elegant review, Sweeney et al. (2022) explored the link be
tween dioxins and AhR, a ligand-activated transcription factor that 
regulates multiple target genes. When activated by dioxins or other 
pollutants, AhR plays a critical role in breast cancer progression, im
mune tolerance, tumor microenvironment remodeling, and other alter
ations that drive chemoresistance and metastasis. Specifically, AhR 
activation induces the nuclear factor-kappa B (NF-κB) pathway, which 
promotes the expression of pro-inflammatory chemokines like 
interleukin-8 (IL-8). It also regulates chemokine ligand 1 (CXCL1), 
chemokine ligand 2 (CXCL2), and chemokine ligand 5 (CCL5), which 
promote cellular migration and macrophage recruitment to the tumor 
microenvironment. Additionally, AhR activation increases AREG pro
duction, leading to tumor proliferation and macrophage infiltration 
(Sweeney et al., 2022).

Shan et al. (2020) further investigated the effects of mixed exposure 
to EDCs on human breast cancer cells. MCF-7 cells were exposed to 
either TCDD, mono-2-ethylhexyl phthalate (MEHP) or both. When the 
cells were exposed to a single EDC, they showed increased CYP1A1 
levels and greater cell migration and invasion. In contrast, exposure to 
both EDCs was associated with lower CYP1A1 levels and reduced cell 
migration and invasion. In addition, AhR expression decreased in 
BALB/c nude mice exposed to both EDCs. These results suggest a 
competitive antagonism between TCDD and MEHP in their inhibition of 
MCF-7 cells (Shan et al., 2020).

3. Conclusions and future perspectives

The impact of EDCs on human health, particularly on the develop
ment and progression of cancer, has been in the spotlight for many de
cades. Although research is ongoing, it remains insufficient to bridge the 
existing gaps in our knowledge, especially given the increasing severity 
of the issue and the continued exposure to EDCs in daily life. The present 
review has examined several types of EDCs with the aim of gaining a 
better understanding of their role in breast cancer and of assessing the 
extent of our current knowledge. Here we summarize the key effects of 
these EDCs on breast cancer, discuss the limitations of current research, 
highlight the important effect of EDC exposure on public health, and 
examine current and proposed measures to prevent exposure and miti
gate the effects thereof.

EDCs influence breast cancer development and progression through 
multiple mechanisms. They can mimic endogenous ligands and interfere 
with molecular pathways, primarily estrogen and androgen signaling, 
which disrupts cellular homeostasis. Additionally, they induce epige
netic modifications, such as altered DNA methylation and histone 
modifications, which affect gene expression and genomic stability. EDCs 
can also enhance cell cycle activity, metabolic reprogramming, and 
resistance to apoptosis. Many EDCs can contribute to increased migra
tion and invasion of other tissues, facilitating metastasis by altering the 
cytoskeletal structure and modifying the expression of adhesion pro
teins. Finally, EDCs modulate the tumor microenvironment by promot
ing chronic inflammation and suppressing the immune system’s 
protective role, thus creating conditions for cancer cells to expand and 
proliferate more easily (Koual et al., 2020; Liu et al., 2023; Morgan et al., 
2017; Wan et al., 2022). Importantly, a central unifying mechanism 
underlying these effects is the cross-talk between ER and AhR signaling, 
which integrates estrogenic responses with immune evasion, epigenetic 
remodeling, and metabolic adaptation, thereby amplifying the onco
genic potential of environmental exposures (Miret et al., 2023; Safe 
et al., 2013).

Although EDCs were first identified in the 1990s, when several re
searchers began noticing changes in the wellbeing of humans and other 
forms of life (Colborn et al., 1993), policies aimed at mitigating their 
effect remain insufficient (Gore et al., 2015). While EDCs are not yet 
fully understood and further research is needed to fully comprehend 
their toxicity, it is clear that some key factors influence EDC exposure, 
including industrial pollution and certain types of food containers 
(Fiedler, 1996). For instance, research has shown that living within 
10 km of municipal waste incinerators or constant exposure to polluted 
air from industrial facilities can have an impact on the development and 
progression of breast cancer (VoPham et al., 2020). These persistent 
pollutants pose serious health risks, including hormonal disruption and 
increased cancer risk. In addition, people who consume larger amounts 
of canned or plastic-wrapped foods face an increased risk of developing 
breast cancer due to exposure to the EDCs present in these materials 
(Stillwater et al., 2020). Importantly, these two risk factors have been 
found to strongly correlate with an individual’s socioeconomic status. 
Furthermore, they could be assessed and controlled through government 
restrictions and policies (Kassotis et al., 2020).

Taken together, these findings highlight the need for more restrictive 
laws that limit EDC emission and measures to prevent further exposure 
of the population to specific EDCs (Kassotis et al., 2020). In this line, the 
regulation of bisphenols has undergone significant changes recently. On 
January 3rd, 2025, the European Commission approved a new regula
tion, which took effect on January 20th. This regulation bans the pro
duction of all products containing BPA and its potentially harmful 
derivates in materials intended for contact with food and beverages. 
However, products which are already on the market will remain avail
able until January 2029 (https://eur-lex.europa.eu/eli/reg/2024/31 
90/oj/eng). Exceptions will apply when no suitable microbiologically 
safe alternative is available. Despite these regulatory efforts, it is 
important to note that the health effects of these EDCs may well be 
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present in individuals long after the ban takes effect. However, these 
measures will help protect younger and future generations.

The European Commission has published multiple recommendations 
on the acceptable levels of EDCs in food. These limits vary depending on 
the type of food but are always based on the ALARA (As Low As 
Reasonably Achievable) principle, as stated in Regulation (UE) 2023/ 
915 (https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX% 
3A32023R0915). However, there is only one limit on the level of PCBs 
and dioxins released from waste incineration facilities: 0.1 ng/Nm3, 
which applies to the total amount released.

In contrast, the regulations that limit the concentration of parabens 
in cosmetic products establish a maximum concentration of 0.4 % for 
the individual short-chain parabens MP and EP and a maximum con
centration of 0.8 % for the combination of these parabens. The limit for 
the long-chain parabens PP and BP is stricter, with a maximum con
centration of 0.14 %. Moreover, the European Commission banned the 
use of several parabens in cosmetic products in 2014 because of their 
detrimental effects on human health (https://eur-lex.europa.eu/legal 
-content/EN/TXT/?uri=uriserv:OJ.L_.2014.107.01.0005.01.ENG).

Here we have focused on four of the main EDCs, but individuals can 
be exposed to thousands of EDCs daily. For the most part, their effects on 
human health remain unknown, not only in relation to breast cancer but 
also to other pathologies. Furthermore, new EDCs continue to be iden
tified. For instance, in February 2025, the French Agency for Food, 
Environment and Occupational Health and Safety proposed that resor
cinol, a phenolic compound widely used in the cosmetic, pharmaceu
tical, and industrial sectors, should be classified as a potential EDC (https 
://www.anses.fr/en/content/anses-proposes-classifying-resorcinol-en 
docrine-disruptor-european-clp-regulation). It is clear that safer alter
natives must be developed to replace these compounds, as even those 
with low endocrine-disrupting activity contribute to cumulative expo
sure, which may still pose health risks. Furthermore, in circumstances 
where it is impossible to completely avoid exposure to these compounds, 
efforts should focus on protecting both workers regularly exposed to 
these chemicals and people living near the sources.

This review has several limitations. One of the primary challenges is 
the complexity of the mechanisms underlying breast cancer develop
ment. Multiple biological pathways interact, making it difficult to isolate 
the specific role of a single EDC. In addition, we have focused on the 
disruptive activities of the four EDCs when administered either alone or 
in combination with only one additional toxic compound. However, 
humans are simultaneously exposed to numerous EDCs that may interact 
in a competitive, synergistic, or unpredictable way. Similarly, many of 
the studies conducted to date have been based on cell models and 
typically analyzed one or two EDCs at a time. Future research should 
focus on studying combinations of EDCs, preferably in vivo, as such 
studies have shown greater reliability and informative value. Moreover, 
epidemiological studies could provide data on the correlation between 
exposure to a single EDC and the incidence of breast cancer in a specific 
population, highlighting the need for more studies of this kind. Finally, 
another important limitation of this review is that many of the available 
publications, particularly those on PCBs, were outdated, raising the 
concern that scientific interest in finding solutions to the problem of EDC 
exposure has declined over time despite their continued widespread 
presence in daily life.

In conclusion, this study highlights the significant role of bisphenols, 
PCBs, parabens, and dioxins in the development and progression of 
breast cancer. BPA promotes cell proliferation, migration, epigenetic 
alterations, tumor microenvironment modifications, and immunosup
pression. PCBs disrupt gene expression and cellular metabolism, 
although their association with breast cancer risk remains inconclusive. 
Parabens exhibit estrogenic activity, contributing to cell proliferation 
and oxidative stress. Dioxins, classified as Group I carcinogens, promote 
inflammation, metastasis, and treatment resistance, and epidemiolog
ical studies suggest that high exposure levels, influenced by environ
mental factors, diet, and cosmetic use, may increase breast cancer risk. 

Given the widespread presence of these EDCs in the environment and 
their persistence in human adipose tissue, further research is crucial. 
Importantly, stronger regulations and preventive measures are needed 
to minimize exposure and mitigate potential health risks. Furthermore, 
governments need to support more public programs that address envi
ronmental and health issues, disseminating this information in schools, 
clubs, cities, and factories to inform people how to protect themselves 
and prevent these diseases.
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