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Abstract

Endocrine-disrupting chemicals are substances capable of interfering with hormonal sys-
tems, potentially leading to adverse developmental, reproductive, neurological, and im-
mune effects in both humans and wildlife. Various experimental models are currently
available to assess the endocrine-disrupting potential of substances. However, in the con-
text of cosmetic ingredients, the ban on animal testing for safety and efficacy evaluations
in Europe and other regions necessitates the use of in vitro or in silico approaches. Con-
cerns have been raised regarding the possible endocrine-disrupting properties of certain
cosmetic compounds, prompting the development of a priority substance list that includes
several ultraviolet (UV) filters. This review provides a comprehensive overview of the
main methodologies employed to evaluate endocrine-disrupting effects, with a particular
focus on different endocrine organs. It also compiles and analyzes literature data related to
commonly used UV filters such as benzophenones, avobenzone, homosalate, octocrylene,
octinoxate, and 4-methylbenzylidene camphor. A major limitation identified is the lack of
validated in vitro methods for assessing disruptions in specific endocrine organs, such as
the thyroid and pancreas. This gap hinders accurate interpretation of experimental results
and highlights the urgent need for further research to clarify the safety profiles of UV filters
and other cosmetic ingredients.

Keywords: endocrine-disrupting chemicals; ultraviolet filter; in vitro methods

1. Introduction

Endocrine-disrupting chemicals (EDCs) are substances that can interfere with the hor-
monal systems of organisms, leading to adverse developmental, reproductive, neurological,
and immune effects in both humans and wildlife [1].

These compounds can mimic or block hormones, disrupting the delicate balance of the
endocrine system. Cosmetics, which are widely used personal care products, can contain
a variety of ingredients that have been identified as EDCs, raising concerns about their
potential health impacts, particularly to vulnerable populations such as pregnant women,
children, and individuals with weakened immune systems [2]. The European Commission
launched a call for data on cosmetic ingredients that might have had endocrine-disrupting
properties. The aim was to collect scientific evidence to support the evaluation of certain
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substances used in cosmetics. This information was intended to help assess potential health
risks related to hormonal disruption and to guide future regulatory actions within the
European Union [3]. In oncology, endocrine disruptors have been associated with breast,
testicular, and prostate cancer [4]. The increasing awareness of the presence of EDCs in
cosmetics has prompted consumers and regulatory bodies to scrutinize the safety of these
products. Many cosmetic ingredients, such as parabens, phthalates, and certain synthetic
fragrances, have been linked to hormonal disruptions, leading to debates about their
continued use in consumer products. In response to public concern, some companies have
begun reformulating their products to eliminate or reduce the presence of these harmful
substances, while regulatory frameworks are being reassessed to better protect consumers
from potential risks associated with endocrine disruptors in cosmetics [2].

1.1. Endocrine System and EDCs

The endocrine system, together with the nervous system, is responsible to regulate
the physiological functions of the body by secreting hormones to bloodstream [5]. It is
composed of various endocrine glands (Figure 1), as the pituitary and pineal glands at the
encephalon, the thyroid and parathyroid glands in the neck and the adrenal glands in the
abdomen next to the kidneys, besides the gonads (ovaries and testes) and certain parts
the pancreas [6]. However, other non-endocrine tissues and organs also include cells that
can synthetize and release hormones such as the heart (atrial natriuretic peptide), adipose
tissue (leptin, adiponectin), the intestine or kidneys (erythropoietin, calcitriol, renin) [7,8].
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Figure 1. Main glands of endocrine system.

While endocrine disruptors have the potential to interfere with multiple hormone
systems, the majority of studies have focused on a limited subset of endocrine glands,
with thyroid and reproductive hormone systems representing the most frequently reported
targets of disruption [8]. In this section, we address the main elements of the endocrine
system involved in chemical-induced disruption.
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1.1.1. Hypothalamic-Pituitary-Thyroid (HPT) Axis

The thyroid gland is essential for regulating metabolism, growth, and development,
and its function is influenced by endogenous factors like thyroid-stimulating hormone
and iodide. However, synthetic chemicals, known as thyroid system disrupting chemi-
cals (TSDC), including industrial pollutants and pesticides, can disrupt thyroid hormone
balance, posing risks to human health. These chemicals interfere with hormone synthe-
sis, signaling, metabolism, and excretion, leading to adverse effects like neurological and
metabolic disorders [9]. Growing concerns over thyroid-related disorders prompted regula-
tory guidance in 2018 to improve the identification of endocrine disruptors, emphasizing
mechanistic studies [10].

Currently, the collected human data in different epidemiological and observational
studies present inconsistent associations between thyroid function parameters and potential
thyroid disrupting agents making it difficult to determine whether these associations reflect
true endocrine disruption or are the result of confounding factors. For example, in the case
of triclosan while some studies report alterations in triiodothyronine (T3), thyroxine (T4),
and thyroid-stimulating hormone (TSH) concentrations, others find no significant effects,
likely due to variations in study design, exposure levels, population characteristics, and
the timing of hormone measurements [11,12]. Similarly, Coperchini et al. in 2021 found
that the clinical relevance of thyroidal function found with exposition to polyfluoroalkyl
substances is still unclear [13]. For this reason, mechanistic studies are essential to establish
biological plausibility and to delineate dose-response relationships. Such studies can
also help identify critical windows of susceptibility, such as during fetal development or
adolescence, during which thyroid disruption may have lasting consequences. Ultimately,
integrating mechanistic data with epidemiological evidence will be crucial for the accurate
identification and regulation of thyroid-disrupting chemicals.

1.1.2. Parathyroid Glands

Parathyroid glands regulate calcium and phosphate plasma levels by the secretion
of parathyroid hormone (PTH) together with vitamin D. Consequently, PTH plays an
important role in the homeostasis of physiological functions such as bone metabolism
or nerve transmission. Although primary hyperparathyroidism is a relatively common
endocrine disorder, its increased incidence has risen concerns about the potential role of
environmental factors including chemical pollutants [14]. However, methods to identify
parathyroid EDCs are not yet addressed and solely epidemiological studies are found in
the literature. One explanation could be that the mechanism by how such pollutants altered
the secretion of PHT still needs clarification. Some authors indicated that modifications in
PHT levels can be attributed to alteration in Ca?* transport and metabolism, while others to
a direct (parathyroid) or indirect (renal) cell toxicity and finally to inactivation of vitamin D
receptors [14-16].

1.1.3. Hypothalamic-Pituitary—Adrenal (HPA) Axis

The hypothalamic—pituitary—adrenal (HPA) axis represents a core component of the
stress response system, contributing to the regulation of physiological homeostasis and the
modulation of responses to endogenous and exogenous stressors [17].

The mammalian adrenal gland secretes steroid hormones, particularly glucocorti-
coids such as cortisol, predominantly regulated by adrenocorticotrophin (ACTH) released
from the anterior pituitary. ACTH secretion is controlled by hypothalamic corticotrophin-
releasing hormone and arginine vasopressin. The HPA axis is self-regulated through
negative feedback exerted by cortisol on both the hypothalamus and pituitary [18].
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As summarized by Yilmaz et al. in 2020, studies have reported that EDCs can affect
adrenal gland function and hormonal regulation, particularly by interfering with the
biosynthesis and metabolism of steroid hormones [19].

The inhibition of the steroidogenic pathways is the major mechanism of action by
EDCs regarding to the adrenal cortex [20].

The in vivo assessment of disruptions in the HPA axis presents significant challenges.
The process of sampling individuals causes significant stress, which is itself a major activator
of the HPA axis [18]. Moreover, some commonly used animal models lack the CYP17
enzyme, rendering them incapable of synthesizing cortisol. This limitation highlights their
utility as models for identifying compounds that specifically target this critical enzyme in
steroidogenesis [20].

1.1.4. The Hypothalamic-Pituitary-Gonad (HPG) Axis

The hypothalamic-pituitary—gonad (HPG) axis regulates the hormones, driving the
growth and maturation of germ cells, and the synthesis of gonadal steroids in female and
male gonads [21].

Hypothalamus releases gonadotropin-releasing hormone (GnRH) which stimulates
the pituitary glands to secrete the luteinizing hormone (LH) and the follicle-stimulating
hormone (FSH). In the female reproductive system, LH and FSH are essential for the
production of estrogens and progesterone. LH acts upon thecal and granulosa cells in
the ovary, and FSH regulates estradiol and 17b-HSD-1 [22]. In males, LH acts on Leydig
cells in the testes, stimulating the production of testosterone and insulin-like peptide 3
(INSL3), while FSH acts on Sertoli cells in testes, which release other hormones and support
spermatogenesis. Testosterone acts by binding to the androgen receptor (AR). The primary
source of androgens is the testes, whose development and function are controlled by
hormonal actions through both endocrine and paracrine pathways [23]. While testosterone
and estrogen are conventionally considered the primary sex hormones for males and
females, respectively, estradiol—a major estrogen derivative—serves an essential regulatory
function in male sexual physiology [24].

EDCs can affect female gonads by altering estrogen (E) signaling pathways and
interacting with estrogen receptors (ER). In male gonads, these compounds may disrupt
hormonal function through interference with androgens (A) and their binding to AR.
Studies revealed that EDCs can act as agonists and can bind and activate various hormonal
receptors such as AR, ER, estrogen-related receptor (ERR) or aryl hydrocarbon receptor
(AhR), chimeric antigen receptor (CAR) and pregnane X receptor (PXR). Moreover, EDCs
can be antagonistic by binding to the receptors [25].

Folliculogenesis is considered the primary biological process affected by EDCs in
relation to female reproductive system development. EDCs may lead to infertility by
interfering with the development of follicles from the primordial to the antral stage. EDCs
can cause miscarriage, endometriosis, cancer, semen quality alteration and testicular dys-
genesis [21]. Overall, the disruption of the HPG axis by EDCs highlights their capacity to
interfere with key regulatory pathways that govern sexual development and reproductive
function in both sexes. Understanding these mechanisms is essential for evaluating the
potential risks of EDC exposure on human fertility and for establishing effective strategies
to mitigate their impact.

1.1.5. Pancreas

An increasing body of research indicates a connection between EDC exposure and
the onset of various pancreatic disorders, including diabetes, pancreatitis, and pancreatic
cancer [26-28]. This is the case of a widespread endocrine disruptor as bisphenol-A that



Cosmetics 2025, 12,175

50f29

impacts the mouse endocrine pancreas. BPA produces rapid non-genomic effects on insulin-
secreting beta-cells and glucagon-secreting alpha-cells in freshly isolated pancreatic islets
of Langerhans. Disruption of blood glucose homeostasis resulting from BPA exposure may
increase the susceptibility to type II diabetes [29].

2. Overview of the Main In Vitro Current Models for Identifying
Endocrine-Disrupting Activity

The main in vitro assays for detecting EDCs are grouped according to the hormonal
mechanism of action they assess (e.g., estrogenic, androgenic, or thyroid activity, or in-
terference with steroidogenesis). Many are validated or included in the battery of assays
recommended by the OECD (Organisation for Economic Co-operation and Development
Conceptual Framework for Testing and Assessment of Endocrine Disruptors).

Several laboratories are developing methods to study EDCs, however a recent study
by the EURL-ECVAM concluded that most of the methods require updating, revision and
optimization before they can be reliably implemented across different laboratories. To help
in this exercise, specific training by the method developer was requested for some of these
methods [30].

Such alternative test methods are needed to infer a causal relationship between molec-
ular initiating events and adverse outcomes such as perturbed brain development. There
is still a need to develop more extensive alternative test batteries to cover the range of
potential key events along the causal pathway between initial chemical disruption and
adverse outcomes in humans [31].

Under the new paradigm, toxicity is initiated when a chemical interacts with and
alters the structure or function of a molecular target. This interaction sets off a series of
events that propagate through cellular, tissue, organ, and organismal levels, ultimately
linking the initial molecular disturbance to an adverse effect. The Adverse Outcome
Pathways (AOP) framework systematically organizes relevant knowledge, such as that
derived from validated methods, by mapping the relationship between the molecular
initiating event (the molecular target) and a sequence of key events (KE) that constitute
a causal chain leading to an adverse outcome [32,33]. The KE are casually linked to
the adverse outcome under consideration, and they are measurable. Adverse outcomes
are typically the endpoints reported in studies conducted following standard in vivo
OECD Test Guidelines, though they may also arise from findings in other toxicological
or epidemiological research. Within an AOP, the linkage between an upstream and a
downstream KE is defined as a key event relationship (KER). KERs capture empirical and
mechanistic evidence supporting the causal association between the two KEs, including
detailed descriptions of the underlying biological processes—referred to as biological
plausibility—that mediate this connection [34].

Different AOPs have been proposed recently for identifying endocrine disruptors at
different levels [35-38].

2.1. Reproductive System

EDCs can interfere with the reproductive system by affecting the synthesis, action, or
metabolism of sex hormones. To assess these effects, a variety of in vitro assays have been
developed to detect interactions with hormone receptors, disruptions in steroidogenesis, or
functional responses in target cells.

2.1.1. Yeast Estrogen Screen (YES) and Yeast Androgen Screen (YAS) Assay

The ISO 19040-1:2018 [39] and ISO 19040-2:2018 [40] describe methods for the deter-
mination of estrogenic potential of water and wastewater. These methods use a reporter
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gene in genetically modified yeast strains Saccharomyces cerevisiae or Arxula adeninivorans,
respectively. The ISO 19040-3:2018 [41] is a standard that describes an in vitro bioassay
using genetically modified human cells that express the human estrogen receptor alpha
(hERw) along with a reporter gene (typically luciferase). When estrogenic substances are
present, they bind to the receptor and activate the expression of the reporter gene. The
resulting signal (e.g., luminescence) is proportional to the estrogenic activity of the tested
sample, which allows for sensitive and quantifiable detection [41]. However, the assay only
detects activation of the estrogen receptor alpha and does not identify other mechanisms of
endocrine disruption (e.g., antagonism or other receptor pathways).

The XenoScreen® YES/YAS assay (Xenometrix AG, Allschwil, Switzerland) is a com-
mercially available in vitro method designed to detect estrogenic and androgenic activity
using genetically modified Saccharomyces cerevisiae strains. These yeast strains express
the hERx or androgen receptor (hAR) along with a reporter gene, typically encoding f3-
galactosidase. Upon binding of a hormonally active compound to the receptor, the reporter
gene is activated, allowing quantification of receptor-mediated transcriptional activity
through colorimetric detection.

This assay is commonly applied to assess endocrine activity in various matrices,
including environmental samples, chemicals, pharmaceuticals, and cosmetic ingredients.
Unlike the ISO 19040 series [39-41]—specifically developed for the testing of aqueous
samples—the XenoScreen® YES/YAS assay enables the direct testing of a broad range
of substances, including pure compounds and complex formulations, offering greater
flexibility in screening applications.

This assay has been widely applied in the evaluation of endocrine-disrupting activity
of various chemicals. For instance, it has been used to assess the estrogenic potential of
phthalates [42], the effects of triclosan and parabens [43], and to investigate how chitosan-
modified TiO, nanoparticles reduce estrogen (E2) levels and exhibit anticancer properties
by inhibiting MCF-7 breast cancer cell growth [44]. Additionally, the assay has contributed
to safety assessments of parabens, supporting their evaluation as non-hazardous at relevant
exposure levels [45].

The XenoScreen® YES/YAS assay is a widely used in vitro method for detecting
estrogenic and androgenic activity in various matrices, including environmental samples,
pharmaceuticals, and cosmetics. Unlike the ISO 19040 series [39—41], which is specifically
designed for aqueous samples, this assay allows direct testing of pure compounds and
complex formulations, offering greater flexibility. Additionally, it has been successfully
applied to assess a broad range of hormonally active substances. However, compared to
ISO standards using human cells (e.g., ISO 19040-3) [41], the use of yeast strains may limit
physiological relevance.

2.1.2. Cell Proliferation Assay (E-SCREEN Assay)

The E-SCREEN assay was developed by Soto et al. in 1995 [46] to identify estrogenicity
of chemicals using the proliferative effect of estrogens on specific cells. Estrogens have the
ability to induce the proliferation of cells of the female genital tract. To this end, the number
of MCF-7 cells (breast cancer cell line) is compared under estrogen-free conditions, in the
presence of 17(3-estradiol (used as a positive control), and across a range of concentrations
of the test chemicals [46].

The biologically relevant approach of the E-SCREEN assay directly reflects the pro-
liferative effect of estrogens on target cells, making it useful for identifying hormonally
active compounds. However, as it relies on cell proliferation, it may be influenced by
cytotoxicity or non-specific mitogenic effects of test substances, which could interfere with
result interpretation.
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2.1.3. Transactivation System with Stably Transfected Cells to Detect Estrogen Receptor
Agonists or Antagonists

OECD Test No. 455 is a performance-based guideline that describes in vitro assays
using stably transfected transactivation systems to identify compounds that act as agonists
or antagonists of the ER. This guideline includes mechanistically and functionally similar
test methods, aiming to support the development of new or improved assays based on
the same biological principle. It describes two reference test methods using the (h)ER«x-
HeLa-9903 cell line and the BG1Luc-4E2 cell line, which express ER and have been stably
transfected with an ER responsive luciferase reporter gene [47].

These assays offer a mechanistically relevant and standardized approach for identify-
ing estrogenic activity. The guideline promotes harmonization and supports assay develop-
ment using consistent biological principles. However, as with other in vitro receptor-based
assays, it may not capture effects requiring metabolic activation or involving non-receptor-
mediated pathways.

2.1.4. Estrogen Binding Affinity Assay

The OECD test guideline 493 describes an in vitro method using human recombinant
estrogen receptors (hrER) to detect chemicals with ER binding affinity. The guideline
presents two mechanistically and functionally equivalent protocols designed to identify
compounds that bind to the ER. These reference methods also support the development of
new or adapted assays based on similar principles. The two key protocols forming the basis
of this performance-based guideline are: the Freyberger—Wilson (FW) in vitro Estrogen
Receptor Binding Assay, which uses the full-length human recombinant ER«x, and the
Chemical Evaluation and Research Institute (CERI) assay, which utilizes the ligand-binding
domain of the human ER.

The main goal of the assay is to evaluate a test chemical’s ability to compete with a
radiolabeled ligand ([®H]17B-estradiol) for binding to the ER. The test includes two main
steps: a saturation binding experiment to determine receptor-ligand binding parameters
and confirm ER specificity, followed by a competitive binding experiment to assess how
the test compound competes with the radioligand. While primarily intended as a screening
tool, the assay also provides mechanistic insights into the interaction of chemicals with the
ER [48].

This assay offers valuable mechanistic insight and receptor specificity through com-
petitive binding analysis. However, as a binding-only assay, it does not assess downstream
functional responses (e.g., transcriptional activation), and its primary role remains as a
screening tool rather than a stand-alone test for endocrine disruption.

2.1.5. Transactivation System with Stably Transfected Cells to Detect Androgen Receptor
Agonists or Antagonists

OECD TG 458 describes in vitro assays using Androgen Receptor TransActivation
(ARTA) to detect AR agonists and antagonists. This assay is based upon the transcription
and translation of a reporter gene, such as luciferase gene, following binding of a chemical
to the receptor and subsequent transactivation. This guideline includes assays with AR-
EcoScreen™ cell line (Otsuka Pharmaceutical, Tokyo, Japan), the AR-CALUX® cell line
(BioDetection Systems B.V., Amsterdam, The Netherlands), and 22Rvl/MMTV_GR-KO
cell line [49].

The use of multiple validated cell lines, such as AR-EcoScreen™, AR-CALUX®, and
22Rv1/MMTV_GR-KO, supports robust detection of AR-mediated activity. However, as
with other receptor-based assays, this method does not account for metabolic activation or
complex endocrine interactions beyond direct receptor binding and transactivation.
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2.1.6. Aromatase (Human Recombinant) Assay

United States Environmental Protection Agency (EPA) offers a series of test guidelines
established by the Office of Prevention, Pesticides and Toxic Substances (OPPTS). These
OPPTS are methodologies and protocols to generate data to inform regulatory decisions. A
set of guidelines in the OPPTS 890 series are a full screening battery under the Endocrine
Disruptor Screening Program (EDSP) to identify substances that have potential to interact
with the estrogen, androgen, or thyroid hormone.

Among these guides, there are some in vitro methodologies to identify endocrine-
disrupting capacity such as OPPTS 890.1200: Aromatase (Human recombinant). This as-say
is part of the EPA’s EDSP and serves as a Tier 1 screening tool to identify substances that may
interfere with estrogen biosynthesis. This guideline describes an in vitro methodology to
identify if a chemical inhibits the activity of the human aromatase enzyme (CYP19), which
converts androgens to estrogens. Human recombinant aromatase, which is expressed in mi-
crosomal preparations, and a radiolabeled substrate ([13-3H]—Androst-4-ene-3,17-dione),
are used. Human recombinant microsomes are commercially available. Inhibition is
assessed by measuring the release of tritiated water, which reflects enzymatic activity [50].

This assay provides a mechanistically relevant and human-specific approach to de-
tecting interference with hormone synthesis. However, as a biochemical assay, it does not
account for cellular uptake, metabolism, or downstream hormonal effects, limiting its scope
to enzyme-level interactions.

2.1.7. H295R Steroidogenesis Assay

OECD TG 456 outlines an in vitro assay to assess the impact of chemical substances on
the synthesis of 173-estradiol (E2) and testosterone (T). The assay uses the human H295R
adrenocortical carcinoma cell line, which expresses the genes responsible for key enzymes
involved in steroidogenesis. Cells are exposed for 48 h to seven different concentrations
of the test compound. Additionally, known inhibitors and inducers of hormone produc-
tion are included as negative and positive controls, respectively. Hormone levels in the
culture supernatant are then measured using commercial assay kits and/or analytical
techniques [51].

The use of human cells expressing relevant steroidogenic enzymes enhances biological
relevance. However, the assay’s complexity, longer exposure time, and dependence on
accurate hormone quantification can present technical challenges.

2.2. Thyroid Gland

Currently, there are no validated guidelines for assessing EDCs that affect the thyroid
gland. However, various methodologies are currently under development and validation.
The OECD has published recommendations for the development and use of in vitro and ex
vivo thyroid assays, as well as for identifying gaps in the thyroid signaling pathways that
are not yet addressed and require further research. Experts from the OECD categorized
the assays into three levels depending on their current potential for inclusion in the OECD
Test Guidelines work plan: Level A (in vitro/ex vivo assays that are ready for validation
in the short term), Level B (in vitro/ex vivo assays that could be developed for potential
validation in the long term) and Level C (assay gaps—no in vitro/ex vivo assays identified
to cover a specific mode of action or disrupting pathways) [52].

Vergauwen et al. published in 2024 [53] a comprehensive inventory of test methods rel-
evant to the assessment of thyroid hormone system disruption. The publication emphasizes
the significant advancements achieved in the development of in silico models (12 identified
computational approaches), in vitro assays (67 methods), and in vivo (29 assays) testing
strategies. This overview describes the current methodological landscape and contributes to
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the identification of existing tools and knowledge gaps that must be addressed to improve
the regulatory assessment of thyroid-disrupting chemicals [53].

Moreover, in 2024, the OECD published a report summarizing the validation sta-
tus of in vitro assays for assessing thyroid disruption, based on the activities of the Eu-
ropean Union Network of Laboratories for the Validation of Alternative Methods (EU-
NETVAL) [54]. In this section the basis of the thyroid methods from the EU-NETVAL and
their validation status will be discussed.

2.2.1. Thyroid Method 1b: Thyrotropin-Stimulating Hormone (TSH) Receptor Activation
Based on cAMP Measurement

Intracellular adenosine 3',5" cyclic monophosphate (CAMP) is produced by the activa-
tion of the G protein linked membrane based TSH receptor. TSH receptor is expressed on
the basal membrane of thyroid follicle cells. The assay used TSH receptor transfected into
the cell Chinese Hamster Ovary (CHO) cell line and was categorized at Level B [52]. The
2024 OECD report noted that there was currently insufficient information to support the
validation of the method. Specifically, it highlighted the need to identify positive reference
chemicals for the agonist mode, further develop the antagonist mode, and define appropri-
ate positive reference chemicals for it. Addressing these gaps is essential for progressing
toward future validation [54]. This indicates that the assay employs a relevant receptor and
established cell system, which is promising for mechanistic studies and potential future
regulatory use once validation is complete.

2.2.2. Thyroid Method 2a: Thyroperoxidase (TPO) Inhibition Based on Oxidation of
Amplex UltraRed® (TPO-AUR)

The TPO inhibition assay using Amplex UltraRed oxidation is based on the protocols
described by Paul et al. (2014) [55] and Paul Friedman et al. (2016) [56]. This method is de-
signed to detect inhibitors of TPO, the enzyme responsible for catalyzing thyroid hormone
(TH) synthesis. For this purpose, extracts from FTC-238 human follicular thyroid carcinoma
cells transfected with recombinant human TPO are incubated with the test chemicals. TPO
activity is then assessed by measuring the oxidation of Amplex UltraRed (AUR; Thermo
Fisher Scientific, formerly Life Technologies, Carlsbad, CA, USA), a commercially available
peroxidase substrate, which produces a fluorescent signal upon reaction [53].

The assay uses a relevant human-derived cell line expressing recombinant human
TPO and a sensitive fluorescent detection method, which provides a mechanistic approach
to identify TPO inhibitors. According to OECD experts, results from this assay often exhibit
high variability between runs and elevated background signals. To address these issues,
the EU-NETVAL laboratory optimized the standard operating procedures (SOPs) using
five reference chemicals: methimazole (MMI), ethylene thiourea (ETU), rosmarinic acid,
triclosan, and 2,4,6-tribromophenol. Despite these improvements, significant variability
remained. Therefore, the OECD experts recommended confirming the SOP and transferring
it to additional laboratories to continue the validation process [54].

2.2.3. Thyroid Method 2c: Tyrosine Iodination Using Liquid Chromatography (LC)
(TYRO-IOD)

The tyrosine iodination assay using LC is based on previously described methods [57-61].
This assay measures the TPO-catalyzed oxidation of iodide, a critical step in thyroid hormone
biosynthesis. The oxidized iodine species produced by TPO enable the iodination of tyrosine
residues to form monoiodotyrosine (MIT) or to diiodotyrosine (DIT), on thyroglobulin within
the follicular lumen of thyrocytes [52].

Specifically, the assay monitors the conversion of L-tyrosine to iodotyrosine catalyzed
by TPO. This enzyme is present in extracts obtained from FTC-238 human follicular thyroid
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carcinoma cells transfected with recombinant human TPO. The resulting iodinated products
are quantified by LC-MS/MS.

The assay uses a sensitive and specific LC-MS/MS technique, employs biologically
relevant human TPO-expressing cells, and targets key physiological steps in thyroid hor-
mone synthesis, enhancing its relevance for detecting TPO inhibitors. According to OECD
(2024), the method is considered ready for transfer to additional laboratories to assess
inter-laboratory reproducibility as part of the validation process [54].

2.2.4. Thyroid Method 3a: Thyroxine-Binding Prealbumin (TTR)/Thyroxinebinding
Prealbumin (TBG) Binding Using Fluorescence Displacement (ANSA) (TTR-ANSA)

In vivo exposure to EDCs, particularly those involved in thyroid disruption, has been
shown to reduce serum T4 levels. This effect occurs because these chemicals can bind
to thyroid hormone transport proteins, displacing T4 [62]. Cao et al. introduced an in-
novative fluorescence displacement method to study the binding interactions between
chemicals and hormone-binding proteins [63]. This method uses a fluorescent probe,
8-anilino-1-napthalenesulfonic acid (ANSA) that remains non-fluorescent in solution but
emits strong fluorescence once attached to serum transport proteins, specifically to thyroxine-
binding prealbumin (TTR) and thyroxine-binding globulin (TBG). When a compound in-
teracts with TBG or TTR at the probe’s binding site, it competes for that spot, displacing
the probe from the protein and leading to a measurable decrease in fluorescence [63,64].
Biological plausibility of this assay is strong due to that represents a plausible biological
process that has been documented for a number of chemicals [52]. For the validation of
the method, further refinement of fluorescence interference criteria is needed, followed by
inter-laboratory reproducibility testing once the SOP is updated [54]. This assay provides a
direct and measurable approach to detect chemical interactions with key thyroid hormone
transport proteins, supporting its relevance in endocrine disruption assessment.

2.2.5. Thyroid Method 3b: Thyroxine-Binding Prealbumin Binding Using Fluorescence
Displacement (TTR FITC T4)

The TTR FITC-T4 assay aims to assess whether test substances interfere with the
binding of thyroid hormones to the human serum transport protein transthyretin (TTR).
In this method, T4 is labeled with fluorescein (FITC-T4). If a compound competes with
FITC-T4 for the TTR binding site, it displaces the labeled hormone, resulting in a decrease
in fluorescence [65]. The assay provides a direct, fluorescence-based method to detect dis-
placement of thyroid hormones from a key human transport protein, which is biologically
relevant for assessing potential endocrine disruption. For the SOP, further work is needed
on the criteria for interference with the fluorescence readout and also transferability to at
least one or two laboratories [54].

2.2.6. Thyroid Method 4a: Deiodinase 1 Activity Based on Sandell-Kolthoff Reaction
(DIO 1)

Deiodination is the major pathway regulating T3 bioavailability in mammalian tissues.
Although type I deiodinase (D1) catalyzes the conversion of T4 to T3 less effectively than
types II and 111, D1 is considered to be the major source of circulating T3 [52]. Inhibition
of Deiodinase 1 activity method measures the activity of D1 in human liver microsomes.
The uninhibited enzyme liberates free iodide from the substrate and is measured using the
Sandell-Kolthoff method, providing a biologically relevant and quantifiable endpoint [53].
The assay is ready to be transferred to at least one other laboratory, suggesting that further
validation and reproducibility studies are still required [54]. Although the assay is biolog-
ically relevant and quantifiable, the current protocol relies on human liver microsomes,
which may introduce variability due to biological source differences.
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2.2.7. Thyroid Method 4b: Inhibition of THs Glucuronidation Using Liquid
Chromatography/Mass Spectrometry (GLUC LC/MS)

Glucuronidation is a key metabolic pathway for T4 and T3. It is a phase II biotransfor-
mation reaction in which glucuronic acid is conjugated to lipophilic molecules, increasing
their solubility and facilitating their excretion. This method evaluates the potential of test
chemicals to inhibit the metabolism and excretion of T4 and T3. Thyroid hormones are
incubated with human liver microsomes containing UDP-glucuronosyltransferases (UGTs),
the enzymes responsible for glucuronidation. After incubation, the samples are purified
and analyzed using LC-MS to separate and identify acyl- and phenolic-glucuronide conju-
gates [53,66]. Additional data on inactive compounds are needed to confirm the assay’s
specificity and ensure its transferability across laboratories [54].

2.2.8. Thyroid Method 6a: Human TH Receptor Alpha (TRx) and Human TH Receptor
Beta (TR) Reporter Gene Transactivation Measuring Agonist Activities. (TRoc and TRf3
Reporter Assays)

The assay measures the activation of thyroid hormone receptor « and 3 using HEK293
cells transfected which expresses high-level expression of the human TR and TR coupled
with a highly responsive luciferase reporter gene (commercially available kit from INDIGO
Biosciences). Measurements of agonist TR functional activity is measured by quantification
of changes in luciferase expression [53]. OECD experts concluded that the assay is valid for
the detection of TR agonists. However, investigating the detection of antagonistic activity
is highly recommended [54].

2.2.9. Thyroid Method 6b: TR CALUX Human TH Receptor Beta (TR3) Reporter Gene
Transactivation Measuring Agonist and Antagonist Activities (TR CALUX)

TR CALUX is a method that asses the activation of TRp using TRf3 CALUX® cells
which originated from a human osteoblastic osteosarcoma U20OS line. These cells express
a functioning human TR coupled with a luciferase reporter gene. Chemicals with ago-
nistic or antagonistic activities on TRf3 can be detected by changes in the expression of
luciferase activity [53]. Recommendations for validations are to add more active agonist
and antagonist chemicals and transfer to other laboratories to confirm reproducibility [54].

2.2.10. Thyroid Method 8a: T-Screen Assay Measuring Cell Proliferation of GH3 Cells
Using Alamar Blue/Resazurin (T-SCREEN)

The T-screen assay is a proliferation assay based on the growth of a rat pituitary
tumor cell line (GH3) in serum free-medium. The proliferative effect of T3 is driven by
well-characterized, high-affinity TRs, which, upon binding to thyroid hormones, interact
with thyroid hormone response elements in the nucleus to regulate gene expression. The
T-Screen assay is therefore suitable for detecting both agonistic and antagonistic activities
of test compounds at the level of the thyroid receptor [52,67-69]. In this assay, chemicals
are tested both in the absence and presence of T3 to evaluate their potential interference
with TH signaling at the cellular level. GH3 cell growth is assessed using AlamarBlue™
(Thermo Fisher Scientific, Invitrogen, Carlsbad, CA, USA); its colorimetric absorbance
increases in response to TH agonists and decreases when TH antagonists are present [53].
Experts group from the OECD concluded that the assay is valid for the detection of TR
agonists but the response measured by cell proliferation is unspecific of thyroid modalities.
For this reason, other hormones and growth stimulators would need to be tested to assess
specificity [54].

Various in vitro tests are being developed to evaluate disruption in the reproductive
and endocrine systems. Each assay presents its own advantages and limitations, reflecting
differences in sensitivity, and biological relevance (Table 1). While several in vitro methods
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targeting the reproductive system have already been accepted and integrated into regula-
tory frameworks, many tests focused on thyroid disruption are currently under validation
and are progressing toward regulatory acceptance.

Table 1. Overview of In Vitro Assays for Assessing Endocrine Disruption in the Reproductive and
Thyroid Systems: Endpoints, Advantages, Limitations, and Validation Status.
Activity . Validation
Organ/System Test Determined Advantages Disadvantages Status
YES assa Estrogenic Sensible and Only detection Regulatory
y interaction quantifiable detection of hER« accepted
XenoScreen Estrogemc./ Activity of pure Poor physiological
Androgenic compounds and -
YES/YAS assay . . . relevance
interaction complex formulations
Easy detection of cell ACthIty can be
roliferation b influenced by
E-SCREEN assay Estrogenic activity P o cytotoxicity or -
hormonally active o
compounds non-specific
P mitogenic effects
Tr‘ansactlvatlon system Effects of metabolic
with stably transfected - o . .
. Mechanistically activation or involving
cells to detect Estrogenic/ relevant and non-recentor- Regulatory
Reproductive estrogen/androgen Androgenic activity . . P accepted
. standardized approach ~ mediated pathways
system receptor agonists
. not detected
or antagonists
Specific, mechanistic,
Estrogen binding Estrogen activity and suitable for Lack of functional )
affinity assay binding screening ER-binding responses detection
compounds
Mechanistically
Aromatase assay Sterou.io.genlc relevant an.d . Biochemical assay Regulatory
activity human-specific accepted
approach
H295R Steroidogenesis Sterou.:lo.gemc Human-specific Complexity Regulatory
Assay activity approach accepted
Lack of positive
.T SI_.I receptor TSH receptor Relevant receptor and reference .Chemlcals for Validation
activation based on . : . the agonist mode and 5
interaction established cell system . finalized *
cAMP measurement of antagonist mode
development.
TPO-AUR TPO inhibition Human-specific High variability Validation
approach finalized
Tyrosine iodination Human-specific Inter-laboratory Validation
TYRO-IOD y e P reproducibility SR
. activity approach . . . finalized
Thyroid confirmation required
gland o Strong biological Further refinement of R
TTR-ANSA TTR/TB.G b inding plausibility; direct and fluorescence \'/ahc?atlori
activity . . finalized
measurable approach  interference is needed
Human-specific N
TTR FITC T4 TTR binding activity =~ approach; direct and l?luorescence Vahda.tlon
interference ongoing
measurable approach
Biologically relevant b\ii)allga?illlt)sIOiL;Seth Validation
DIO 1 Inhibition of D1 and quantifiable & . .
human liver ongoing

endpoint

microsomes
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Table 1. Cont.

Activity . Validation

Organ/System Test Determined Advantages Disadvantages Status
TH glucuronidation Sensitive LC-MS ‘Adc%ltlonal data of Validation

GLUC LC/MS o . inactive compounds .
inhibition analysis . finalized *
required
) TR and TR Activation of TR« Agonistic activity Lack of antagonistic Validation
Thyroid reporter assays and TRf detection activity detection finalized *
gland : .
. More active agonist s 1o

TR CALUX Activation of TR3 Ago'mst and . and antagonist \{ahc%atlorl

antagonist detection . . finalized

chemicals are required

T-SCREEN T3 interaction Ago.mst and ' Unspecific f(')r' thyroid \{ahc}atlor:

antagonist detection modalities finalized

* While the validation is complete, the OECD has provided further recommendations to support and confirm the
validity of the method.

3. Overview of the In Silico Models for Identifying
Endocrine-Disrupting Activity

Many chemicals are identified as endocrine disruptors, but the mechanisms by which
most EDCs operate remain poorly understood. Comprehensive in vitro testing of all
chemicals—potential EDCs—employed in industrial, agricultural, or food preservation
applications for endocrine system effects is both resource-intensive and time-prohibitive.
Computational techniques such as virtual screening, quantitative structure—activity rela-
tionships, and molecular docking are established tools widely utilized in pharmaceutical
development. These methodologies could similarly advance EDC research [70].

Different in silico tools have been developed in recent years to predict different toxi-
cology effects. Among them there are in silico models for identifying different endocrine
disruptors. These models can identify androgen active chemicals [71], as well as estrogenic
activity [72,73]. Examples of these in silico quantitative structure-activity relationship
(QSAR) tools and, even, servers, are OECD, VEGA HUB or CAESAR. Expanding knowl-
edge of functional and structural data has enabled the assessment or prediction of potential
interactions between known or putative EDCs and various molecular targets through
docking studies or more computationally intensive approaches [74].

VirtualToxLab™ (Biographics Laboratory 3R, University of Basel, Basel, Switzerland)
is an in silico technology developed at the Biographics Laboratory 3R that enables pre-
diction of the endocrine-disrupting potential of pharmaceuticals, chemicals, and natural
products. This platform employs an automated protocol to calculate binding affinity of
target molecules against a panel of 12 proteins known or suspected to mediate adverse
effects, subsequently estimating the resulting toxic potential. VirtualToxLab™ is accessible
to science-oriented organizations for a nominal fee [75,76]. This in silico model has been
used for many researchers [77,78].

Recently, authors have developed an in silico model for predicting the binding of
chemicals to human thyroid hormone distributor protein transthyretin (hTTR). The newly
developed QSARs provide valuable tools for screening potential endocrine disruptors
affecting the thyroids [79].

Given the multifaceted nature of endocrine disruption mechanisms, conventional in
silico models targeting individual pathways prove insufficient for identifying EDCs. To
overcome these constraints, research has focused in employing both single-label and multil-
abel modeling approaches across six endocrine disruption targets such as AR, ER«, thyroid
receptor, glucocorticoid receptor, peroxisome proliferator-activated receptor gamma, and
aromatase. Authors determined that single-label models are suitable for identifying po-
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tential EDCs, whereas multilabel models are more appropriate for predicting the probable
mechanisms of action of established EDCs [80].

In silico models provide a valuable alternative to in vitro testing for identifying EDCs,
offering faster and less resource-intensive screening. Established computational meth-
ods such as QSAR, molecular docking, and virtual screening enable high-throughput
assessment of large chemical libraries, predicting interactions with key endocrine targets
like estrogen or androgen receptors. Tools like VirtualToxLab™ and multilabel modeling
approaches further enhance mechanistic understanding by evaluating multiple pathways.

However, these models have limitations. They often focus on single targets, which
may not capture the complexity of endocrine disruption. Their performance depends on
the availability and quality of input data, and advanced models can be computationally
demanding. While suitable for prioritizing chemicals, in silico predictions usually require
experimental validation to confirm biological relevance.

4. Overview of the Main Current Models for Identifying
Endocrine-Disrupting Activity Using Partial Replacement

According to the 3Rs principal replacement refers to technologies or approaches which
replace the use of animals in experiments where they would otherwise have been used. The
replacement can be divided in two categories: full replacement and partial replacement.
Partial replacement includes the use of some animals that, based on current scientific
thinking, are not considered capable of experiencing suffering. This category comprises
invertebrates such as Drosophila melanogaster, nematode worms, Daphnia spp., and social
amoebae, as well as early life stages of vertebrates, such as zebrafish (Darnio rerio) embryos
before the onset of independent feeding. It also encompasses the use of primary cells and
tissues obtained from animals euthanized solely for this purpose—i.e., not subjected to
procedures that cause suffering [81].

Several alternative test methods have been developed to evaluate endocrine activity
while aligning with the 3Rs principle, particularly through the use of partially replacing
models such as Daphnia magna, zebrafish embryos, and amphibian larvae. The following
assays exemplify established approaches for detecting endocrine-disrupting effects across
various endocrine pathways and developmental stages.

4.1. Short-Term Juvenile Hormone Activity Screening Assay Using Daphnia Magna

This Test Guideline (TG) describes a short-term juvenile hormone (JH) activity screen-
ing assay using Daphnia magna to detect the potential of chemicals with JH [82]. Adult
female Daphnia carrying developing embryos within their brood chambers are exposed
for a period of 7 days to a minimum of three concentrations of the test substance and a
water control. The primary endpoint of this assay is the male ratio within the second brood
offspring. The male ratio (number of male offspring divided by total offspring number) in
the second brood must be calculated for each parental organism (representing individual
replicates), with the mean male ratio subsequently determined for each test condition. The
development of this method was based on the studies of male offspring production in
Daphnia which is regulated by JH signaling pathway [83,84]. The method allows for clear
quantification of endocrine-related effects in a whole-organism context. However, the assay
is limited to a single endpoint—the male ratio—which may not capture other potential
endocrine-related changes and requires careful brood monitoring and individual-level data
analysis, which can be labor-intensive.
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4.2. EASZY Assay: Detection of Endocrine Active Substances, Acting Through Estrogen
Receptors, Using Transgenic Tg(cyp19alb:GFP) Zebrafish Embryos

The EASZY assay is a mechanism-based in vivo screening methodology designed to
detect endocrine-active compounds functioning as ER agonists through induction of green
fluorescent protein (GFP) expression under control of the cyp19alb promoter. This assay
enables detection of estrogenic activity in test chemicals using transgenic (cyp19alb:GFP)
zebrafish embryos subjected to 96 h exposure during embryonic developmental stages.
Newly fertilized Zebrafish eggs (up to 4 h post-fertilization) are exposed to the test chemical
under semi-static conditions with a total renewal of the test medium every 24 h [85,80].
The use of whole organisms allows for biologically integrated responses in a vertebrate
model. However, the assay requires maintenance of transgenic zebrafish lines, semi-static
exposure conditions with daily medium renewal, and careful timing of embryo exposure,
which may increase technical complexity and resource demands.

4.3. Larval Amphibian Growth and Development Assay

The test design entails exposing X. laevis embryos at Nieuwkoop and Faber (NF)
stage 8-10 via the water route to four different concentrations of test chemical as well
as control(s) until 10 weeks after the median time to NF stage 62 in the control with one
interim sub-sample at NF stage 62. The endpoints evaluated are endocrine modes of action
targeting estrogen-, androgen-, or thyroid-mediated pathways [87]. This assay allows
for the detection of multiple endocrine target pathways in a vertebrate model, offering
comprehensive in vivo assessment. However, the extended exposure duration and use
of amphibian embryos require significant time and resources, and careful developmental
staging, which may limit throughput and increase assay complexity.

4.4. Xenopus Eleutheroembryonic Thyroid Assay (XETA)

The XETA was designed as a screening assay to provide a medium throughput and
short-term assay to measure the response of eleutheroembryos to potential thyroid active
chemicals. It is a relevant amphibian model because its early development and thyroid
hormone-dependent metamorphosis are very well-characterized. The measured endpoint
is the induction of fluorescence in eleutheroembryos. When transcription of the genetic
construct is activated or inhibited following chemical exposure, eleutheroembryos express
increased or decreased levels of GFD, resulting in higher or lower fluorescence compared to
unexposed individuals, in which fluorescence remains at the basal levels [88]. This setup
allows for efficient detection of thyroid-related endocrine activity in a biologically relevant
organism. However, the reliance on a single endpoint—GFP fluorescence—may limit the
detection of other thyroid-mediated effects, and the performance of the assay depends on
the stability and responsiveness of the genetic construct, which may introduce variability.

4.5. Daphnia Multigeneration Test for Assessment of Endocrine-Active Chemicals (DMGT)

This long-term in vivo assay with Daphnia magna is responsive to JH agonists which
lead to the production of male offspring. It is a method used to assess the potential
endocrine-disrupting effects of chemicals by observing their impact on multiple genera-
tions of the crustacean, Daphnia magna. The method consists of three linked exposure
experiments. It begins with <24 h-old neonates, exposes them continuously to dilutions of
the test chemical, allows them to grow to adulthood, then produce at least three successive
broods for 21 days. The second test takes neonates from the third or subsequent brood in
each concentration for a further 21 days. The third solely takes control neonates from the
third or subsequent brood in the first test and again exposes them for 21 days to the same
range of concentrations as in the other tests. At the end of each test, all individual neonates
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are sexed by observation of their longer first antenna. This test provides valuable insights
into the potential risks associated with long-term exposure [89].

The endpoints determined are related to reproduction, growth, and survival. By
observing changes in these endpoints across generations, the test can help identifying
chemicals that interfere with hormonal or endocrine systems, which can have significant
consequences for aquatic organisms and potentially for human health. This assay provides
valuable insights into the long-term and generational effects of chemical exposure, making it
a powerful tool for identifying substances that interfere with hormonal systems. However,
its extended duration, multigenerational design, and labor-intensive nature may limit
its throughput and require substantial resources, which can be a drawback for routine
screening purposes.

All these methods are used with purposes of ecotoxicological effects but support the
potential endocrine disruptor effects of the chemical studied.

5. Limitations

Numerous methods have been developed and validated to assess endocrine disruption
related to reproductive system endpoints; however, there is still a lack of official guidelines
for evaluating thyroid disruption. For example, although some methods to assess thyroid-
related effects are currently under development and validation, they have not yet been
formally approved. Moreover, there is no available data or in vitro studies available
concerning endocrine disruptors that affect other components of the endocrine system,
such as the pituitary gland or hypothalamus.

The use of human cells in research offers significant advantages over laboratory
animals, primarily because it eliminates the need for interspecies extrapolation. This is
due to the fact that human cells possess more relevant morphological, physiological, and
biochemical characteristics [90]. Human cell lines, as animal cell lines, are highly accessible,
easy to handle, and useful for advancing knowledge in basic cell and molecular biology,
pathology, and the development of new therapies [91].

One of the main challenges in the study of EDCs is the limited understanding of their
metabolic pathways. To address this, Lopardo et al. in 2018 investigated metabolic markers
associated with chemicals suspected of endocrine-disrupting potential [92]. However,
data from various in vitro studies have often produced inconsistent or ambiguous results,
highlighting a lack of correlation between different cell models [93].

High-throughput mechanistic assays are abundantly available in the suite of ToxCast
and Tox21 assays, which screen thousands of chemicals for a variety of toxicity pathways,
including endocrine disruption. These types of assays have not undergone international
validation, and therefore regulatory authorities use the data only in certain contexts [94].
Contrary to the results observed in different studies related to the endocrine disruptor
effects of different UV filters, as part of a weight-of-evidence analysis, a recent study showed
that the UV filters octisalate, homosalate, octocrylene, octinoxate, and avobenzone have
low endocrine disruption potential risk based on an examination of ToxCast/Tox21 data
with weak activity occurring at concentrations >100-fold what would be achieved in human
plasma. The exception is oxybenzone where the bioactivity and plasma concentrations
are separated by less than 10-fold. The ToxCast/Tox21 database is a program organized
and maintained by several agencies including the U.S. National Toxicological Program
(NTP) and the U.S. EPA. EDSP21 is an in vitro HTS program publicly available within
Tox21 that is focused on measures of the endocrine system. The EDSP21 screening program
is designed to identify and prioritize estrogen, androgen, and thyroid disruptors as well as
steroidogenesis, the so-called EATS [95].
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6. EDCs in Cosmetics

Absorption of chemicals from cosmetics is possible, with the skin being the main route
of exposure. The health of the skin represents a critical determinant in the efficiency of
the skin’s protective barrier. Exposure is also possible through inhalation (fragrances) and
through ingestion as, for example, in the case of lipstick [2]. Furthermore, indirect routes
should be considered, as cosmetics ingredients can enter water systems [96], and bioac-
cumulate in fatty tissue of fish or seafood, posing environmental concerns and impacting
human health, as some EDCs can have toxic effects at low doses [97].

The potential routes of entrance of EDCs through the use of cosmetics can be by skin,
ingestion and inhalation depending on the cosmetic formulation (Figure 2).

Ingestion

== |nhalation

- Skin

Figure 2. Routes of exposition to EDCs via cosmetics.

In the Cosmetic Regulation, there are no specific provisions for EDCs. To address
potential risks to human health, the Commission may introduce measures that prohibit
or restrict the use of substances [2]. For identified or potential endocrine disruptors that
are not classified as carcinogenic, mutagenic, or toxic for reproduction (CMR) substances,
their use in cosmetics is governed by the general provisions of Article 31 of the Cosmetic
Regulation, which requires a scientific opinion [98]. Among the substances evaluated by
the Scientific Committee on Consumer Safety (SCCS) for endocrine-disrupting properties
(Table 2) are UV filters like benzophenone and homosalate [99], which are particularly
concerning due to their potential to disrupt thyroid hormone function. These opinions
indicate that substances with endocrine-disrupting properties should be investigated based
on the safety assessment by the SCCS, considering the limitations associated with the bans
on animal testing, and considering data from in vitro and in vivo studies.

6.1. Ultraviolet Filters

UV filters are key ingredients in sunscreens, providing protection against skin cancer
and photoaging. Use of sunscreen products is increasing due to the awareness of skin
cancer which causes individual and economic damage [100]. These compounds absorb or
block UV radiation by reflection and/or scattering. Depending on their chemical structure
these filters can be organic, absorbing UV light, or inorganic, with metal oxides such as
titanium dioxide and zinc oxide [101].

Beyond their use in sun protection products, UV filters are also incorporated into
plastics, adhesives, paints, textiles, furniture, and various other materials to prevent UV-
induced degradation [102].

Suncare products are predominantly administered topically, with dermal absorption
representing the principal route of exposure. Nevertheless, secondary exposure path-
ways, such as inhalation or accidental ingestion, may also contribute to overall systemic
uptake [101].
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Table 2. List of priority cosmetic ingredients to be assessed by the SCCS as potential endocrine
disruptors with their function in cosmetic industry.

Cosmetic Ingredient Function
Benzophenone-3 UV filter
Kojic Acid Antioxidant, whitening
4 methylbenzylidene camphor UV filter
Propylparaben Preservative
Triclosan Preservative
Homosalate UV filter
Resorcinol Dye
Octrocrylene UV filter
Triclocarban Preservative
Butylated hydroxytoluene (BHT) Antioxidant, fragrance
Benzophenone-4 UV filter
Benzyl salicylate Fragrance, UV absorber
Genistein Skin conditioning
Daidzein Skin conditioning
Buthylparaben Preservative
Tert-butylhydroxyanisole s
/Butylatedhydroxyanisole/BHA Antioxidant
Benzophenone-1 UV filter
Benzophenone-2 UV filter
Benzophenone-5 UV filter
Methylparaben Preservative
Cyclopentasiloxane/ . . e
decametl}’l]ylcgclopentasiloxane /D5 Emollient, hair conditioning
Cyclomethicone Emollient, hair conditioning
Salicylic acid Antiseborrheic, hair conditioning, fragrance
Butylphenyl methyl propional/BMHCA Fragrance
Triphenyl phosphate Plasticiser
2-tert-butyl-4-methoxyphenol Antioxidant, fragrance
2-Ethylhexyl trans-4methoxycinnamate UV filter

or octinoxate

Multiple studies have shown that UV filters can be systemically absorbed, with these
compounds being detected in various human fluids and tissues, including amniotic fluid,
urine, fetal and cord blood cells in pregnant women, as well as in breast milk, placental
tissue, blood plasma and serum, urine, and seminal fluid [100].

Although the protective capacity of UV filters, an increasing number of studies, both
in vivo and in vitro, indicates that several UV filters might have endocrine disruptive
effects [103,104]. According to Krause et al. (2012) Benzophenone-3, 4-methylbenzylidene
camphor, and 2-ethylhexyl 4-methoxycinnamate are classified as substances of significant
concern due to their potential adverse effects on human health [103].

6.1.1. Benzophenones and Derivatives

Residues and metabolites of benzophenones have been detected in human urine and
breast milk. Among them, benzophenone-3 (BP-3) and its derivatives have shown high
toxicity and estrogenic activity in various studies [102]. Benzophenone compounds have
been associated with carcinogenicity, as well as reproductive and developmental toxicity.

Importantly, the substitution of functional groups significantly influences the inter-
action of benzophenones and their derivatives with biomolecules. BP-3 is of particular
concern due to its adverse effects on cancer cell proliferation and migration, reproductive
capacity, sex differentiation, and neurodevelopment [105]. Similarly, benzophenone-8 and
its metabolites BP-3 and benzophenone-1 (BP-1) have been shown to disrupt progesterone-
dependent decidualization in human primary endometrial stromal cells [106].
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Multiple studies have proposed different mechanisms of action for BP-3 and other
benzophenones [107,108]. Notably, benzophenone filters have been shown to interfere with
steroidogenesis. BP-1 and benzophenone-2 (BP-2) strongly inhibit 33-hydroxysteroid dehy-
drogenases (33-HSDs) in human, rat, and mouse gonadal tissues—enzymes responsible for
converting pregnenolone to progesterone. BP-2, in particular, is the most potent inhibitor of
human 173-hydroxysteroid dehydrogenase 1 (173-HSD1), which catalyzes the conversion
of estrone to estradiol, a key step in estrogen activation [109].

Docking analyses have revealed that the 4-hydroxyl group of these benzophenones
forms hydrogen bonds with critical residues such as Ser123 in human 33-HSD2, Asp127
in rat 33-HSD1 [110], and Ser142 in human 173-HSD1 [109], supporting their inhibitory
potential at the molecular level.

Furthermore, BP-2 has been linked to thyroid axis disruption. In larval tadpoles,
exposure to BP-2 resulted in concentration-dependent increases in the severity of thyroid
follicular cell hypertrophy and hyperplasia [111].

The SCCS on the basis of safety assessment, and considering the concerns related to
potential endocrine-disrupting properties of BP-3, concluded that the use of BP-3 as a UV
filter up to a maximum concentration of 6% in sunscreen products, either in the form of
body cream, sunscreen propellant spray or pump spray, is not safe for the consumer. The
use of BP-3 as a UV filter up to a maximum concentration of 6% in face cream, hand cream,
and lipsticks is safe for the consumer. The use of BP-3 up to 0.5% in cosmetic products to
protect the cosmetic formulation is safe for the consumer. The SCCS has concluded that
the currently available evidence regarding the endocrine-disrupting properties of BP-3
is inconclusive and, at best, equivocal. This assessment encompasses all available data
sources, including in silico modeling, in vitro assays, and in vivo studies, whether evalu-
ated individually or collectively. While the SCCS acknowledges that certain studies provide
indications of potential endocrine effects associated with BP-3 exposure, the committee
determined that the overall body of evidence remains insufficient to definitively establish
whether BP-3 functions as an endocrine-disrupting substance. Consequently, the SCCS has
identified the need for additional investigations to resolve this uncertainty [112].

Recently the SCCS has studied the potential endocrine disruption effect of BP-2 and
Benzophenone 5 (BP-5) as substances with potential endocrine-disrupting properties in
cosmetic products. BP-5 is considered safe when used as UV filter up to a maximum
concentration of 5% in sunscreen, face and hand cream, lipstick, sunscreen propellant
spray and pump spray [113]. Another recently study from the SCCS has considered
Benzophenone-1 not safe when used as a light stabilizer in cosmetic products because of
its evidence of endocrine-active substance due to its estrogenic activity and weak anti-
androgenic activity and potential activity against thyroid modality [114].

In 2021, the state of Hawaii banned the sale of sunscreens containing BP-3 and octi-
noxate due to evidence showing these chemicals are harmful to coral reef ecosystems [115].

6.1.2. 4-Methylbenzylidene Camphor

4-Methylbenzylidene camphor (4-MBC) is accumulated in sediments, organisms and
watershed systems in general [116]. Studies have shown that 4-MBC can bind to human
estrogen receptors hERoc and hER in vivo, with a preference for hER3, acting as an antago-
nist. In vitro experiments using the HEK, MCF-7 and PALM cell lines have demonstrated its
ability to interfere with testosterone synthesis, estrogenic potential and a strong capacity as
hAR antagonist [117,118]. In animal models, 4-MBC has also been observed to alter thyroid
hormone levels by increasing TSH and T4, while reducing T3 concentrations in rats [118].
In addition, in adult zebrafish, 4-MBC have presented decreasing in fertilization [119],
and developmental toxicity in zebrafish embryos [120]. Based on the safety assessment
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of 4-MBC performed by the SCCS, this UV filter has been forbidden in Europe since 2023.
The opinion concluded that there is adequate evidence that 4-MBC may function as an
endocrine disruptor with effects on both thyroid and estrogen systems. Effects on the
androgen system are less clear, as only in vitro evidence exists [121].

6.1.3. Homosalate

Homosalate has shown estrogenic activity and antagonism to hAR [117]. The SCCS
opinion on homosalate stated that, based on the safety assessment, it is safe as a UV
filter at concentrations up to 7.34% in face creams and pump sprays. Nevertheless, con-
cerns remain regarding its potential endocrine-disrupting properties [122]. More recent
studies showed alteration in hormonal thyroid function and in growth of zebrafish em-
bryo/larvae [123] and toxicity in FRTL-5 cells and upregulation of mRNA expression levels
of TPO and Tg genes [124]. Fish exposed to homosalate exhibited significant reductions
in gonadosomatic index, testosterone concentrations, and expression of multiple genes
(such as hsd3b2, cyp17al, and hsd17b1), alongside significant elevations in hepatosomatic
index, liver steatosis, 173-estradiol concentrations, and vtg gene expression. These out-
comes demonstrate that homosalate’s estrogenic and anti-androgenic actions are mediated
through steroidogenic pathways. Lee et al. revealed that homosalate, alone or in combi-
nation with avobenzone, decreased testosterone levels in H295R cells, according to their
studies in male zebrafish [125].

6.1.4. Octocrylene

Octocrylene has been shown to activate the ER pathway, impacting processes such as
growth, development, and reproduction in both in vivo (zebrafish larvae) and in vitro (ZFL
cell line) models [126]. Additionally, similar to ethylhexyl 4-methoxycinnamate (EHMC),
BP-3, and avobenzone, octocrylene has been reported to lower thyroid hormone levels in
fish larvae, suggesting a potential for thyroid disruption, as well as to induce hypoactivity
and/or anxiety-like behaviors [127]. Octocrylene is considered safe as UV filter, according
to the opinion of the SCCS at concentrations up to 10% [98].

6.1.5. Ethylhexyl Methoxycinnamate or Octinoxate

Recent in vivo studies have shown that octinoxate can disrupt thyroid hormone regu-
lation. In zebrafish larvae, octinoxate exposure led to decreased levels of T3 and T4, along
with upregulation of genes related to neurotoxicity. In adult zebrafish, transcriptional
changes associated with nephrotoxicity were observed [128]. Similarly, in rats, thyroid
hormone disruption was reported following exposure to octinoxate during the lactational
period, along with immunological alterations in the offspring [129]. Octinoxate, like BP-1,
BP-2, 4-MBC, and homosalate, has been shown to increase motility and invasiveness in
breast cancer cell lines (MCF-7 and MDA-MB-231), suggesting a potential role of these
UV filters in promoting breast cancer progression. Furthermore, octinoxate demonstrated
estrogenic activity in MCF-7 cells, although it did not stimulate cell proliferation [130].

Recently, in the last plenary meeting of the SCCS in June 2025 the opinion about EHMC
or octinoxate has been adopted. The SCCS has determined that available evidence demon-
strates octinoxate exhibits endocrine-active properties, specifically estrogenic activity and
weak anti-androgenic activity in both laboratory and animal studies. After reviewing the
provided data and considering concerns about octinoxate’s potential endocrine-disrupting
characteristics, the SCCS concludes that octinoxate can be safely used as a UV filter at
concentrations up to 10% in sunscreen lotions, face and hand creams, lipsticks, sunscreen
propellant sprays, and pump sprays, whether used individually or in combination with
other products [131]. The studies supporting this opinion about the endocrine disruptor
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activity of octinoxate are in more cases old studies performed in vitro and in vivo between
2001 and 2018.

The established OECD test guideline 456 [51], which utilizes human adrenal H295R
cells and, facilitates the measurement of testosterone and estradiol production to identify
potential EDCs has been used to study octinoxate. The authors showed that steroid profile
alterations caused by 10 pM of octinoxate, characterized by increased corticosteroids,
resulted from elevated CYP11B2 and 3bHSD2 mRNA expression levels. This indicates that
octinoxate does not directly influence the activity of these enzymes but instead modifies
their expression levels [132].

Lorigo et al. [133] performed a first review in 2018 of the studies concerning the
animal and human effects of octinoxate as endocrine disruptor. In this review authors
indicated that the main concern is the lack of information in humans because there are more
studies performed in rodents. From these studies in rodents it can be concluded octinoxate
may disrupt thyroid hormone synthesis, metabolism, distribution, and function through
multiple targets and various mechanisms [133]. Only two epidemiological studies were
found, suggesting the possibility of neonatal exposure resulting from maternal exposure to
this UV filter, but they were not validated and it is difficult to obtain clear conclusions and
more conclusive studies are necessary.

More recently Lorigo et al. in 2024 [134] performed a new review concluding that octi-
noxate exposure poses considerable risks to human health. The endocrine-disrupting effects
manifest through cardiovascular, thyroid, reproductive, and immunological alterations.
Documented associations with hypothyroidism development, hypertensive pregnancy
disorders, pubertal changes, respiratory diseases, and breast cancer warrant serious atten-
tion. Future epidemiological and experimental studies are critically needed to enhance
toxicological assessment of this endocrine-disrupting chemical and improve human health
outcomes [134].

6.1.6. Avobenzone

Avobenzone (butyl methoxydibenzoylmethane) is an endocrine disruptor that directly
binds to estrogen receptor 3 and acts as an estrogen agonist. In vitro studies demonstrated
that avobenzone inhibited the proliferation of HTR8/SVneo cells, the immortalized human
trophoblast cell line. Human trophoblast cells form the placenta through a precisely
controlled differentiation process during the early pregnancy of women, then avobenzone
inhibits the proliferation of human trophoblast cells and induces apoptosis [135].

The co-exposure to avobenzone and homosalate enhanced sex hormone disruption
induced by homosalate [125].

A study performed in zebrafish larva receiving avobenzone and octinoxate showed a
significantly lower larvae survival rate together with an increased ratio of T3 to T4. Signifi-
cant decrease in T4 level indicates feedback in the hypothalamus to maintain hormonal
homeostasis. The results suggested that both avobenzone and octinoxate affects the thyroid
hormone receptor and the feedback mechanisms of the hypothalamus—pituitary—thyroid
axis [136]. The SCCS concluded that avobenzone is safe as UV filter at concentrations up to
5% [98].

Based on the available data concerning the potential endocrine-disrupting properties
of various UV filters, Table 3 provides a comprehensive summary of the most significant
biological effects identified for each UV filter, along with safety considerations at the maxi-
mum permissible concentrations established within the European regulatory framework
following the recommendations of the SCCS after their evaluation and the corresponding
reference. Furthermore, 4-Methylbenzylidene camphor has been prohibited from use due to
documented adverse effects as an endocrine disruptor on the thyroid and estrogen systems.
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Table 3. UV filters described as endocrine disruptors, their activities and regulatory status.

UV Filters

Activities Regulatory Status References

Benzophenone and derivatives

BP-1 considered not safe as light
stabilizer
BP-2 not permitted
BP-3 at concentrations up to 0.5%
in cosmetic products and up to 6%
as UV filter; not safe in body
cream, sunscreen propellant spray
or pump spray
BP-5 safe at concentrations up to
5% in various cosmetic products
and as UV filter

Estrogenicity, carcinogenic,
reproductive, and
developmental toxicity
Thyroid hormone levels
decrease, hypoactivity

[102,105,112-114,127]

4-Methylbenzylidene camphor

Estrogenicity, testosterone
synthesis modulation,
regulation of thyroid hormones,
developmental toxicity and
fertilization decrease

Banned in Europe [117-121]

Estrogenicity, growth alteration, ~Safe as UV filter at concentrations

Homosalate hormonal thyroid up to 7.34% in face creams and [117,122-125]
function alteration pump sprays
Estrogenicity, growth,
development and reproduction ~ Safe as UV filter at concentrations
Octocrylene toxicity, thyroid hormone levels up to 10% [98,126,127]
decrease, hypoactivity
2_Ethyl.h exyl Thyroid hormone lie\./els Safe as UV filter at concentrations
4-methoxycinnamate/ decrease, hypoactivity, o [127-134]
; . e up to 10%
Octinoxate neurotoxicity, estrogenicity
1-(4-tert-Butylphenyl)- Tcklgcrrcc)ela(:15i1 ?‘mzziéi‘;f ; Safe as UV filter at concentrations
3-(4-methoxyphenyl) propane- s YP y [98,125,127,135,136]

1,3-dione/ Avobenzone

Inhibition of trophoblast
cell proliferation

up to 5%

Beyond their potential endocrine-disrupting effects in humans, several organic UV
filters have raised increasing environmental concern due to their persistence, bioaccumula-
tion, and toxicity in aquatic ecosystems. Numerous studies have reported their presence in
marine waters, sediments, and surface microlayers as a result of widespread sunscreen use
and coastal tourism [137]. Certain filters, such as BP-3, 4-MBC, EHMC, and octocrylene,
have been shown to induce acute and chronic toxicity, genotoxicity, oxidative stress, repro-
ductive and developmental toxicity, coral bleaching, and endocrine disruption in marine
organisms, particularly at the base of the food web, with possible cascading effects on
higher trophic levels [137]. These findings have led to regulatory actions in multiple regions,
including Hawaii, the U.S. Virgin Islands, and parts of Mexico and the Netherlands, which
have banned sunscreens containing the most harmful UV filters. Similarly, octocrylene
and EHMC have been identified as among the most toxic cosmetic ingredients for aquatic
life [138]. However, despite increasing awareness, a robust environmental risk assessment
remains hindered by substantial data gaps, particularly for freshwater ecosystems, where
information on chronic toxicity, bioaccumulation, and persistence is still lacking for many
of the 32 organic UV filters approved for use in the EU [139].

7. Conclusions

The widespread use of chemicals in cosmetics and other consumer products has raised
significant concern due to their potential to interfere with the endocrine system by mimick-
ing, blocking, or altering the physiological function of endogenous hormones. Numerous
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cosmetic ingredients have been identified as EDCs, particularly those affecting key hor-
monal pathways. These substances can enter the human body through multiple routes
of exposure, including ingestion, inhalation, and transdermal absorption, contributing to
systemic effects that may not be immediately evident.

In recent years, public awareness and scientific scrutiny regarding the presence of
EDCs in cosmetic products have increased considerably. In response, regulatory authorities
are progressively working toward the implementation of specific frameworks to evalu-
ate and manage the risks associated with these substances. Significant advancements
have been achieved in the assessment of EDCs acting on the reproductive axis, especially
those interacting with estrogenic and androgenic pathways, for which several validated
guidelines and standardized testing protocols are already available.

Conversely, the evaluation of endocrine disruption involving the thyroid axis remains
incomplete. While various test methods are currently under development and valida-
tion, no official regulatory guidelines have yet been adopted. An even greater gap exists
regarding the study of EDCs that may affect other endocrine components, such as the
pituitary gland, pineal gland, hypothalamus, or pancreas. The absence of comprehensive
data and testing strategies for these targets highlights a critical need for the development
of novel, robust, and mechanism-based in vitro and in silico approaches to address these
less explored pathways of endocrine disruption.

Notably, among the 27 priority cosmetic ingredients identified by the SCCS for evalua-
tion as potential EDCs, 9 are UV filters. Compounds such as benzophenone and its deriva-
tives, homosalate, octocrylene, octinoxate, and the recently banned 4-methylbenzylidene
camphor have all shown evidence of endocrine-disrupting activity. Given the restriction on
animal testing for cosmetics in the European Union, there is an urgent need to further de-
velop alternative non-animal methods—particularly in vitro assays and predictive in silico
models—to effectively assess the endocrine-disrupting potential of cosmetic ingredients,
with a strong focus on UV filters due to their widespread use and biological relevance.
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