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Abstract

:

Efforts are being made globally to improve the evaluation and understanding of endocrine-disrupting chemicals. Recognition of their impact on human health and the environment has stimulated attention and research in this field. Various stakeholders, including scientists, regulatory agencies, policymakers, and industry representatives, are collaborating to develop robust methodologies and guidelines for assessing these disruptors. A key aspect of these efforts is the development of standardized testing protocols and guidelines that aim to provide consistent and reliable methods for identifying and characterizing endocrine disruptors. When evaluating the potential endocrine-disrupting activity of chemicals, no single test is capable of detecting all relevant endocrine-disrupting agents. The test battery approach is designed to reduce the risk of false negative results for compounds with toxic potential. A weight-of-evidence approach is therefore necessary for endocrine disruptor evaluation. This approach considers various types of data from multiple sources, assessing the overall strength, consistency, and reliability of the evidence. OECD guidelines are highly regarded for their scientific rigor, transparency, and consensus-based development process. It is crucial to explore and develop new methodologies that can effectively evaluate the risks associated with potential endocrine disruptors. Integrating these methods into a comprehensive weight-of-evidence framework will enhance risk assessments and facilitate informed decisions regarding the regulation and management of these substances, ensuring the protection of human health and the environment from their adverse effects.
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1. Introduction


An endocrine disruptor was defined by the World Health Organization (WHO) in 2002 as an exogenous substance or mixture that alters the function(s) of the endocrine system and consequently causes adverse health effects in an intact organism or its progeny or (sub)populations [1]. Today, there is a worldwide consensus on this definition. These effects can range from developmental abnormalities and reproductive disorders to neurobehavioral changes and cancer [2,3,4,5,6,7].



On 19 December 2022, the European Commission adopted the Delegated Act to introduce the new hazard classes under Regulation (EC) No 1272/2008 on hazard classification, labelling, and packaging of chemicals (CLP) [8]. The new hazard classes include endocrine disruptors for human health and the environment. The related Commission Delegated Regulation (EU) 2023/707 amending Regulation (EC) No 1272/2008 was published on 31 March 2023 [9]. Two categories of endocrine disruptors have been created: known or presumed endocrine disruptors (category 1) and suspected endocrine disruptors (category 2), both for human health and for the environment.



The classification in Category 1 is largely based on evidence from at least one of the following: human data, animal data, or non-animal data providing an equivalent predictive capacity as human or animal data. Such data should provide evidence that the substance meets all the following criteria: endocrine activity, an adverse effect in an intact organism or its offspring or future generations, and a biologically plausible link between the endocrine activity and the adverse effect. However, where there is information that raises serious doubt about the relevance of the adverse effects to humans, the classification in Category 2 may be more appropriate. A substance will be classified in Category 2 where all the following criteria are fulfilled: evidence of endocrine activity, an adverse effect in an intact organism or its offspring or future generations, and evidence of a biologically plausible link between endocrine activity and the adverse effect.



There are several tests used for the assessment of endocrine disruptors, which can be broadly categorized as follows:




	
In vitro assays: These are tests performed in the laboratory using isolated cells or tissues to measure the effects of a substance on the endocrine system. In vitro assays cannot fully reflect a compound’s characteristics the way in vivo methods can, but they focus on specific mechanistic endpoints [10].



	
In vivo assays: These tests involve exposing whole organisms to a substance to assess its effects on the endocrine system. Those tests are divided into mammalian tests, mostly in rodents, and non-mammalian tests (in fishes, amphibians, and birds) [10].



	
Epidemiological studies can also be used when they investigate the relationship between exposure to a substance and changes in endocrine function in human populations [11].








Developing an in vitro assay to assess endocrine disruption can be challenging due to the complex nature of the endocrine system and the diverse mechanisms by which endocrine disruptors can cause adverse effects.



One of the main difficulties in developing an in vitro assay for endocrine disruption is identifying the relevant endpoints to measure. The endocrine system is involved in a wide range of physiological processes, and there are many different hormones and receptors that can be targeted by endocrine disruptors [12,13,14,15,16]. As a result, it can be difficult to determine which endpoints to measure in an in vitro assay to effectively capture the full range of endocrine disruption effects.



Another challenge is selecting appropriate cell lines and experimental models. The endocrine system is highly complex and involves multiple cell types and signaling pathways [17]. Therefore, choosing a relevant cell line or experimental model is critical to ensure that the in vitro assay accurately reflects the in vivo effects of endocrine disruptors. Additionally, the choice of cell culture conditions, such as the culture medium and growth factors, can also influence the results of the assay [18,19].



Assay sensitivity is another important consideration when developing an in vitro assay for endocrine disruption. Endocrine disruptors can have subtle effects on the endocrine system, and many standard cell-based assays may not be sensitive enough to detect these effects [20,21,22]. Therefore, it is important to optimize the assay conditions and endpoints to increase sensitivity and ensure that the assay can accurately detect even low levels of endocrine disruption.



Finally, the issue of assay validation is also critical. In vitro assays for endocrine disruption must be validated to ensure that they accurately predict the effects of endocrine disruptors in target species. Inter-laboratory validation studies are also important to ensure that the assay can be reliably replicated in different laboratories [23,24].



It is important to note that the specific tests used for the assessment of endocrine disruptors can vary depending on the regulatory agency.



The objective of this article is to review the in vitro methods to assess endocrine disruption, validated or under development, with respect to the new European regulation.




2. International Guidelines


The OECD (Organization for Economic Co-operation and Development) is an intergovernmental organization in which representatives of 38 industrialized countries in North and South America, Europe, and the Asia and Pacific region, as well as the European Commission, meet to coordinate and harmonize policies, discuss issues of mutual concern, and work together to respond to international problems. The OECD has developed a number of test guidelines and methods for the testing and assessment of chemical substances. The OECD guidance document 150 on standardized test guidelines for evaluating chemicals for endocrine disruption is intended to provide guidance for interpreting the outcome of individual tests and compiling evidence on whether or not a substance may be an endocrine disruptor [25]. The guidance document also provides a general description of each standardized test guideline and tabular presentations of the endpoints measured in each test and the endocrine pathway affected. The document also describes a Conceptual Framework for Testing and Assessment of Endocrine Disruptors that helps organize available test methods at different levels of biological organization to determine additional testing needs or conclude about the potential endocrine disruptor action of a chemical. The OECD guidelines and methods serve as a basis for mutual acceptance of data so that they are widely used by regulatory authorities and industry to assess the safety of chemicals. For example, the guidance for the identification of endocrine disruptors in the context of Regulations (EU) No 528/2012 concerning the making available on the market and use of biocidal products [26] and (EC) No 1107/2009 concerning the placing of plant protection products on the market [27] refers to the OECD guidelines (European Chemical Agency (ECHA) and European Food Safety Authority (EFSA) with the technical support of the Joint Research Centre [28].



The OPPTS (Office of Pollution Prevention and Toxics) is a division within the United States Environmental Protection Agency (EPA) that is responsible for developing and implementing policies, programs, and regulations related to pollution prevention and chemical management. The OPPTS has developed a number of guidelines that provide recommendations and guidance for conducting various types of environmental testing and risk assessment. The EPA OPPTS guidelines are developed specifically for use in the United States, and they are primarily focused on regulatory compliance under US law. The OPPTS guidelines are nevertheless widely used by regulatory agencies, industry, and researchers in the United States and around the world.



Overall, both the OECD and EPA OPPTS guidelines are important tools for ensuring that chemicals are evaluated in a consistent and scientifically rigorous manner and that appropriate risk management strategies are developed to protect human health and the environment. The in vitro OECD and OPPTS guidelines for the assessment of endocrine disruption can be classified according to the target mechanism.




3. Binding of a Substance to a Hormone Receptor


The ability of an endocrine disruptor to bind to a receptor depends on the chemical properties of the substance and the characteristics of the receptor, such as its shape, charge, and binding site [29]. Some endocrine disruptors have a chemical structure that resembles the natural hormone, allowing them to bind to the receptor in a similar way [30,31,32]. Diethylstilbestrol is a synthetic nonsteroidal estrogen, and it is probably the most famous endocrine disruptor [33,34,35]. Endocrine disruptors can also bind to the receptor and block the natural hormone from binding, resulting in a decrease in hormone activity [30,31,32]. These substances are known as antagonists. Last but not least, endocrine disruptors can also bind to the receptor and alter the way it interacts with other proteins or DNA, resulting in changes in gene expression or hormone signaling pathways. These substances are known as modulators [31,32,36].



The binding test that has been validated by the OECD is a biochemical in chemico test, which does not require the use of cells: Test No. 493: Performance-Based Test Guideline for Human Recombinant Estrogen Receptor (hrER) In vitro Assays to Detect Chemicals with Estrogen Receptor (ER) Binding Affinity (see Section 6).



Test No. 493 allows for the measurement of the ability of a radiolabeled ligand, [3H]-17β-estradiol (3H-E2), to bind with estrogen receptor alpha (ERα) in the presence of increasing concentrations of chemical tested (called a “competitor”) [37]. Chemical products tested with high ER binding affinity compete with the radiolabeled ligand at a lower concentration than compounds with lower affinity to the receptor. The assay includes a saturation binding experiment to establish the parameters of the receptor–ligand interaction, which is the first step in a series of molecular events that activate the transcription of target genes, resulting in a physiological change. This experiment allows us to characterize the number and binding affinity of receptors in a given batch in view of a second experiment, called the competitive binding experiment. This last one aims to determine the extent to which a tested chemical product competes with a radiolabeled ligand for binding to ERs. Specifically, it measures the binding to ER of 3H-E2 in fixed concentration in the presence of multiple concentrations of a tested chemical product. Quantitatively, it is possible to obtain the concentration of chemical product inducing half of the maximum inhibition of specific 3H-E2 binding, called IC50, as well as the relative binding affinities toward human recombinant ERα (hrERα) with the chemical’s product tested compared with E2. For this test, two methods are used whose principles are similar. The first is the Freyberger–Wilson (FW) assay, an estrogen receptor (ER) binding in vitro assay using an integral recombinant hERα. The second is the Chemical Evaluation and Research Institute (CERI, Tokyo, Japan) assay, an ER binding in vitro assay using the ligand binding domain of recombinant human ERα.



The OCSPP assay 890.1150 Androgen receptor binding assay identifies chemical substances that have the potential to interact with the androgen receptor (AR) in vitro (see Section 6) [38]. The Androgen Receptor Binding Assay identifies chemical substances that have the potential to interact with the AR in vitro. Androgens are sex hormones that play critical roles in male sexual differentiation, development, and maturation and also have some role in female development and physiology. Similar to the principle of the 493 test, it also consists of two sets of experiments: a saturation binding experiment and a competitive binding experiment. This assay measures the binding affinity of a substance to ARs by assessing its ability to displace the binding to AR of a radiolabeled reference substance, usually 5α-dihydrotestosterone (DHT) or a synthetic androgen R1881.




4. Transcriptional Activation/Inhibition Assays


The binding of a substance to a hormone receptor can also affect the transcriptional activity of the receptor. In order to evaluate the impact that these substances can have, in vitro tests based on the use of genetically modified cell lines expressing a reporter gene, firefly luciferase, have been developed and implemented. It works as follows: when a chemical binds to a receptor, the receptor–ligand complex undergoes translocation to the nucleus, where it binds to DNA response elements. This transactivates and induces the expression of luciferase that will transform luciferin (=substrate) into a bioluminescent product that can be measured quantitatively using a luminometer (see Figure 1). The molecules with an agonist effect increase the detected signal while the antagonist molecules decrease it. Thus, luciferase activity can be assessed quickly and inexpensively with the aid of many commercially available test kits.



These screening assays are therefore set up to evaluate the expression of genes regulated by nuclear receptors. Two families of assays have been validated by the OECD: Test Guideline No. 455: Performance-Based Test Guideline for Stably Transfected Transactivation In vitro Assays to Detect Estrogen Receptor Agonists and Antagonists [39] and Test Guideline No. 458: Stably Transfected Human Androgen Receptor Transcriptional Activation Assay for Detection of Androgenic Agonist and Antagonist Activity of Chemicals [40].



Test No. 455 detects ER receptor-mediated transactivation with chemiluminescence as a measurement parameter [39], and Test No. 458 detects androgenic receptor-mediated transactivation [40].



Test No. 455 uses three structurally and functionally similar in vitro assay methods to detect estrogen receptor (ERα and/or ERβ) agonist and antagonist substances:




	
Stable transfection TA assay (STTA assay) using the hERα-HeLa-9903 cell line derived from immortalized human cervical cells and transfected with a hERα and a luciferase reporter gene to identify substances with estrogen agonist activity.



	
VM7Luc ER TA assay using the VM7Luc-4E2 cell line derived from immortalized human adenocarcinoma (VM7) cells capable of expressing both types of estrogen receptors (primarily hERα and partially hErβ) endogenously. Then, they were stably transfected with the pGudLuc7.ERE plasmid to identify substances with estrogen agonist and antagonist activity.



	
ERα CALUX using the ERα CALUX cell line derived from human osteosarcoma that expresses stably transfected human ERα. The assay is specifically designed to detect hERα-mediated transactivation.








Test No. 458 allows for the determination of AR agonist or antagonist substances with chemiluminescence as a measurement parameter [40], based on the same principle as Test No. 455. Agonists and antagonists act as AR ligands and can activate or inhibit the transcription of androgen-sensitive genes. The test method is used to establish signal activation or blocking of the AR caused by a ligand. Following ligand binding, the receptor–ligand complex translocates to the nucleus, where it binds specific DNA response elements and transactivates a firefly luciferase reporter gene, resulting in an increased cellular expression of the luciferase enzyme. Luciferin is a substrate that is transformed by the luciferase enzyme into a bioluminescence product that can be quantitatively measured using a luminometer.



The AR-EcoScreenTM cell line is derived from a Chinese hamster ovary cell line (CHO-K1) and includes three stably inserted chimeras.



The AR-CALUX® uses the AR-CALUX cell line derived from human osteosarcoma that expresses stably transfected human AR.



The ARTA method uses a 22Rv1/MMTV_GR-KO cell line derived from a human prostate cancer cell line (22Rv1).



The purpose of these assays is to assess the transcriptional activation and inhibition of AR-mediated responses. They provide information on the concentration-response relationship of substances with agonistic or antagonistic androgenic activity in vitro. The various tests are compared in Section 6.




5. Impact on Hormonal Synthesis


Endocrine disruptors can interfere with hormone synthesis or transport and, in particular, target the enzymes required for steroidogenesis. Steroidogenesis is the process of the synthesis of steroid hormones from cholesterol. Different enzymes that catalyze different reactions are involved in the biosynthesis of sex steroid hormones.



E2 and testosterone (T) are considered final hormones of the steroidogenic pathway. They are obtained via several chemical reactions, the first reaction of which is the enzymatic conversion of cholesterol to pregnenolone by the cholesterol side chain cleavage enzyme (CYP11A), related to cytochrome P450 (CYP); see Figure 2.



Steroidogenesis is divided into two pathways, the Δ5-hydroxysteroid pathway and the Δ4 -ketosteroid pathway, each leading to the production of androstenedione from pregnenolone. Androstenedione is converted by 17β-hydroxysteroid dehydrogenase (17β-HSD) to T. Then, T is converted to E2 by aromatase (CYP19). T is therefore both an intermediate and a final hormone. Androstenedione is also converted to estrone by aromatase (CYP19), which is then converted to E2.



One assay evaluating the effects of a substance on hormonal synthesis has been validated by the OECD: Test No. 456: H295R Steroidogenesis Assay. Test No. 456 is an in vitro assay to detect the effects of chemical products on steroidogenesis [41]. The H295R human adrenal carcinoma cell line is used because of its specific ability to express, on its own, the genes that encode all the key enzymes for steroidogenesis. The expression of these genes is specific to the tissue and stage of development. Typically, no tissue or stage of development expresses all the genes involved in steroidogenesis. These cells allow testing for substances that affect corticosteroid synthesis and sex steroid hormone production. The detection of substances influencing the production of testosterone and E2 is particularly studied. In this assay, cells are placed in multi-well culture plates for the time necessary for their adaptation. The cells are then exposed to the chemical test product. At the end of the exposure period, the medium is removed from the wells. Cell viability is analyzed, and the concentration of hormones in the medium is measured. This is carried out using commercial hormone assay kits or via instrumental techniques. The comparison between all OECD tests is presented in Section 6.



The OCSPP Assay 8901200: Aromatase Test detects interference of endocrine disruptors with aromatase activity. Aromatase, the enzyme responsible for the conversion of androgens to estrogens, is involved in the final step of steroidogenesis. Encoded by the CYP19 gene, aromatase converts androgens into estrogens and forms an electron transfer complex with its partner, NADPH-cytochrome P450 reductase. Upon binding to estrogen, the ER activates the transcription of its target genes, which are notably responsible for cancer cell proliferation in estrogen-dependent breast tumors [42]. Modulation of CYP19 aromatase expression and function can significantly alter the rate of estrogen production, disrupting local and systemic estrogen levels [43]. Aromatase is likely to be the target of endocrine disruptors, which may alter its expression or activity [44]. The purpose of Assay 890.1200 is to detect the interference of endocrine disruptors with aromatase activity [38]. This test is based on the use of microsomes containing recombinant human CYP19 and cytochrome P450 reductase. It measures the conversion of androgens to estrogens in microsomes isolated from various tissues or cell lines. A radioactive substrate (3H-androstenedione) and NADPH are added to microsomes. During the conversion of androstenedione to estrone, tritiated water (3H2O) is released and is quantitatively associated with aromatase activity. The advantages and inconveniences of all guidelines are presented in Section 6.




6. Advantages and Limits of the Presented International Guidelines


6.1. In Vitro Tests Validated by OECD


The main advantages and limits of in vitro tests validated by OECD are presented in Table 1.




6.2. In Vitro Tests Validated by the OCSPP (Office of Chemical Safety and Pollution Prevention)


The main advantages and limits of OCSPP test guidelines are presented in Table 2.





7. Need for New Methods


The available test guidelines mainly focus on a few endocrine pathways (i.e., estrogenic, androgenic, as well as steroidogenesis), leaving many unexplored, such as the retinoid or glucocorticoid pathways.



Given the numerous limitations of available international guidelines, some platforms have been created to organize the pre-validation of methods for characterizing endocrine disruptors. The first platform is the public–private PEPPER platform (public–private platform for the pre-validation of testing methods on endocrine disruptors), created in 2019 [45]. The project has been piloted by stakeholders from both industrial sectors and ministerial divisions. It is part of the National Strategy on Endocrine Disruptors (SNPE), designed by the French ministries in charge of Health and in charge of the Environment [46,47]. The platform ensures that candidate methods are sufficiently mature to enter pre-validation and are of regulatory relevance to be presented to international bodies responsible for validation, such as OECD, ECVAM, ISO, and CEN [48]. Once these methods are validated by the relevant bodies, they can be used in regulatory dossiers related to substances (e.g., REACH, Biocides, and Phytopharmaceuticals), products (e.g., medical devices), or environments (e.g., Water Framework Directive).



For pre-validation, a developing laboratory and a minimum of two testing laboratories must participate in the process. The first phase, called transferability, involves ensuring that a laboratory that is not familiar with the method can successfully implement it and obtain results consistent with those obtained by the laboratory that developed it by following the procedures provided. This is carried out by applying the method to a small set of substances, chosen based on the developer’s “historical data”, and determined by the Validation Management Group (VMG), composed of experts on the subject. In the second phase, all laboratories blind test a larger number of test substances, also defined with the VMG, allowing for a better understanding of the method’s applicability domain.



The present review focuses on PEPPER pre-validated methods as it is the first platform created. To date, nine methods have been selected by PEPPER for validation. Three of them have been successfully transferred to (2–3) naïve labs: the h-Placentox method, the Glucocorticoid Receptor Transactivation Assay (GR TA), and the Retinoid Acid Receptor TransActivation method. Three are in the transferability process: the LCMS steroidogenesis profiling method, the sexual development of the embryo in hen eggs, and the hNPC proliferation arrest method. Transferability has started for two others: the in vitro assay for hepatic triglyceride accumulation and the Mineralocorticoid Receptor Transactivation Assay. The last one is just being launched: the Deiodinase 1 (DIO1) activity.



Their further assessment is ongoing by testing 12 to 35 substances (depending on the method). Five methods have been included in the OECD workplan: the LCMS steroidogenesis profiling method, the h-Placentox method, the Glucocorticoid Receptor Transactivation Assay (GR TA) in April 2022, and the Retinoid Acid Receptor TransActivation method and the sexual development of avian embryo in April 2023. They are based on novel endpoints that could provide new, in-depth information to assess chemicals for their endocrine disruptor potential. We note that the methods that follow the validation process will potentially be modified at the end of the process.



7.1. The LCMS Steroidogenesis Profiling Method


The LCMS steroidogenesis profiling method studies the effects of substances on hormone synthesis using human adrenal cells and is an extension of Test Guideline No. 456: H295R Steroidogenesis Assay Guideline [41]. The method is meant to simultaneously analyze 19 steroids, representing the steroid biosynthesis pathway. Increasing the number of parameters measured in TG 456 beyond E2 and T would maximize its regulatory utility by providing more information on the disruption of steroidogenesis via the identification of endocrine modes of action beyond estrogens and androgens. This method has been developed by the Research Institutes of Norway [49].



The choice of LCMS/MS measurement type is related to the high number of parameters to be measured, which would be difficult to monitor by the immuno-enzymatic method. ELISA (Enzyme-Linked Immunosorbent Assay) and RIA (Radioimmunoassay) can only measure 1 hormone at a time and may be influenced by cross-reactivity, whereas chromatographic techniques allow for the simultaneous detection of several steroids in the pathway without any cross-reactivity. However, this type of equipment (LCMS) is not available in all laboratories or yet mastered for those parameters.



Another advantage of the method is that the H295R cell line is available in international cell banks and then easy to obtain.



The limits are the same as those identified with TG 456:




	
Long doubling time for the H295R cell line;



	
Restricted number of cell passages;



	
Unknown metabolic capacity of the cell line;



	
Does not determine which enzymes are affected by the chemical substance due to the presence of all enzymes involved in steroidogenesis in this cell line;



	
Does not identify substances that interfere with steroidogenesis due to effects on the hypothalamic–pituitary–gonadal (HHG) axis.








Furthermore, increasing the number of measured parameters will require expanding the data interpretation procedure and the prediction model. To improve the limit of detection of the 19 precursors, dilution and/or concentrations of the sample may be necessary, which considerably weighs down the process.




7.2. The h-Placentox Method


The h-Placentox method is the second method to enter the process. It uses human placental cells to evaluate the effect of maternal exposure during pregnancy.



The placenta allows the growth and development of the fetus by coordinating gas exchange, metabolic transfer, and immunological functions and by producing, metabolizing, and regulating numerous hormones, notably polypeptide and steroid hormones.



There are several different in vitro approaches currently available to evaluate chemical toxicity in the human placenta. The human placental JEG-3 cell line is close to human physiology and appears to be the best tool for the assessment of chemical toxicity in the placenta and is therefore used for this test [50].



The JEG 3 cell line secretes both polypeptide and steroid hormones and expresses the functional P2X7 cell degeneration membrane receptor. The P2X7 receptor is a ubiquitous membrane receptor that induces many intracellular signaling pathways after alterations of the ion permeability or after the formation of a large pore, depending on the duration of the stimulus. Pore formation after prolonged activation of the P2X7 receptor leads to apoptosis. P2X7 receptor activation is reported to be involved in multiple pathologies, from immune disorders to degenerative diseases [51,52,53,54,55,56]. There is evidence to suggest that the P2X7 receptor may play a role in the pathophysiology of various placental disorders, including preeclampsia and intrauterine growth restriction (IUGR) [57]. It has been shown that targeting the P2X7 receptor specifically could offer an effective approach to prevent both preterm birth and perinatal brain injury associated with exposure to intrauterine inflammation [58,59].



The h-Placentox test is based on the activation of the P2X7 receptor as an in vitro marker of adverse health effects and the dosage of hormones. It has been used to evaluate forskolin, a diterpene from a plant used in food supplements for weight loss [60], essential oils [61], and chlorpyrifos, a persistent and bioaccumulative worldwide banned pesticide [62].



The analysis techniques are multiple, and among them, we find the analysis of the activation of the P2X7 receptor by means of the YO-PRO1 probe. This is a fluorogenic probe that can only enter the cell after activation of P2X7 receptors [63]. Once inside, it binds to nucleic acids and emits fluorescence. However, this probe is only available from one supplier, which could be a problem if the probe is discontinued.



The main advantage of this method is that, contrary to the other methods (validated and under validation), it evaluates both the alteration of hormone secretion and the induction of a receptor involved in placental pathologies. In addition, it allows the screening of many molecules. Plus, the JEG-3 cell line is available in international cell banks like the American Type Culture Collection ATCC.



Culture conditions may affect the sensitivity of the cells to endocrine disruptors, so attention should be paid mainly to the culture medium content and standardization of the bovine fetal serum as it is rich in hormones [64]. Plus, the not-fully described metabolic capacity of the JEG-3 cell line may represent a limit of the method.




7.3. The Glucocorticoid Receptor Transactivation Assay (GR TA)


The GR TA measures the agonistic/antagonistic effect of a substance on the human glucocorticoid receptor via luciferase activity. This test uses transfected HeLa human cells obtained from cervical adenocarcinoma. This test requires the co-transfection of the HeLa cell line with a glucocorticod-responsive gene, MMTVLuc-SV-Neo, and a glucocorticoid receptor expressing plasmid.



The human glucocorticoid receptor (hGR) is involved in several physiological processes, such as stress response, immune system, and metabolism [65,66,67]. Because of the involvement of this receptor in physiological processes of primary importance, it is important to evaluate the ability of chemicals to interfere with this nuclear receptor.



The expression of hGR is ubiquitous, and its ligands include endogenous and synthetic glucocorticoids such as cortisol, dexamethasone, and prednisolone [68].



In one study, the authors of this method tested the effect of bisphenol A and 24 analogs for their ability to modulate GR activity [69]. They demonstrated that nuclear receptors were differentially affected by bisphenols. The activity of the nuclear receptors is either activated or antagonized by bisphenols. In this paper, the glucocorticoid receptor bound a smaller number of bisphenols and was always antagonized by bisphenols.



The assay has also been proposed to measure endocrine activity in drinking water [70].




7.4. Sexual Development of Avian Embryo


The method, which studies the sexual development of the avian embryo, was developed by Uppsala University. The principle of the method relies on the exposition of chicken embryos to chemicals followed by the observation of reproductive organs and aromatase gene expression [71]. Here, the chicken embryo is used as a whole model; it involves studying and manipulating the living embryo itself, which makes it an in vitro model, even if not covered by the Directive on the protection of animals used for scientific purposes (Dir 2010/63/EU) due to the early stage of development considered.



This method, when submitted to the OECD work plan, has been coupled with a similar method from Japan on quail embryos under the name of “avian in ovo assay”. These methods have been welcomed by OECD members, as very few methods are currently available for birds.




7.5. The In Vitro RAR TA (Retinoic Acid Receptor TransActivation) Method


The retinoid system is involved in many functions, such as reproduction, differentiation, development, and sight [72,73,74]. The effect of retinoids is mediated via nuclear receptors, RAR (alpha, beta, and gamma) and RXR (alpha, beta, and gamma) [75]. In 2012, the OECD Test Guidelines Programme in a Detailed Review Paper (DRP 178) identified a need for harmonized test methods for the retinoid system for toxicity screening and evaluation. Sweden and the European Commission initiated work on a DRP to review knowledge on the retinoid signaling pathway in multiple organ systems, which was subsequently narrowed to four areas: Overview, Reproductive System, Skeletal Patterning, and Central Nervous System Development [25,76]. Retinoic Acid Receptor transactivation methods were highlighted as of interest for regulatory purpose [77].



The method is based on a luciferase reporter cell line first incubated with the product to be tested, and then with luciferin to measure the transactivation of the RAR [78,79]. The method allows for the discrimination between RAR and RXR activation.




7.6. The In Vitro Human Neural Progenitor Cell (hNPC) Proliferation Arrest Method


Research based on data from birth cohorts has revealed that when individuals are exposed to endocrine disruptors during crucial stages of neurodevelopment, it can have detrimental effects on various cognitive functions, such as memory and language, as well as attention, emotions, and social behaviors [80,81]. Immortalized human neural progenitor cells (hNPCs) cultivated as three-dimensional floating spheres can represent processes of brain development [82,83]. After exposition to potential endocrine disruptors, the process of NPC proliferation can be studied [84,85]. The method under validation relies on this concept and was developed by the German Leibniz Research Institute for Environmental Medicine (IUF) [86,87,88]. The method focuses on proliferation (stimulation or inhibition) mediated by the retinoid or glucocorticoid pathways. This method could be used in the currently developed in vitro battery of tests to study developmental neurotoxicity.




7.7. In Vitro Assay for Hepatic Triglyceride Accumulation


Liver steatosis refers to the buildup of fat in the liver, which can potentially lead to non-alcoholic fatty liver disease (NAFLD) [89,90,91]. In severe cases, it may progress to liver fibrosis, causing significant damage. NAFLD is recognized as the most prevalent liver disorder worldwide, affecting approximately 32% of the global population [92]. The crucial role of environmental pollutants, particularly endocrine disruptors, in the development of NAFLD has been acknowledged [93,94].



To assess hepatic triglyceride accumulation, an in vitro assay has been developed by the German Federal Institute for Risk Assessment (BfR). This quantitative test method specifically examines the intracellular accumulation of triglycerides in HepaRG liver cells, a widely utilized model for studying human hepatocytes. The accumulation is detected using a fluorescent dye, like the AdipoRed reagent (Lonza, Basel, Switzerland) described by Lasch et al. [95]. This method evaluates metabolic disorders, an area recognized as lacking methods for regulatory assessment.




7.8. Deiodinase 1 (DIO1) Activity Based on Sandell–Kolthoff (SK) Reaction


Thyroid hormones serve as crucial regulators of growth, development, and overall homeostasis in vertebrates [96,97,98]. The process of deiodination, facilitated by the enzyme deiodinase (DIO1), plays a fundamental role in regulating the concentration of thyroid hormones in peripheral tissues and plasma [99,100]. Although there are numerous contaminants known to disrupt the action of thyroid hormones [101,102,103], the mechanisms behind these disruptions are only partially understood, resulting in a gap in current methods for detecting such chemicals.



It has been demonstrated that certain chemicals can interfere with the activity of DIO1, consequently affecting thyroid function [104].



The DIO1 activity based on Sandell–Kolthoff (SK) reaction uses a colorimetric Sandell–Kolthoff (SK) reaction to quantify DIO1 activity in cell material. This assay has been developed by the German Federal Institute for Risk Assessment (BfR) and Charité-Universitätsmedizin Berlin. The transferability of this test to a naïve lab has been evaluated as part of the work initiated by EURL-ECVAM with the EU-Netval network [105].




7.9. Mineralocorticoid Receptor Transactivation Assay (MR TA)


Glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs) mediate the actions of glucocorticoids and mineralocorticoids, respectively, which are two main classes of corticosteroids involved in many physiological processes. The GRs and the MRs are potential targets for endocrine disruptors, which interfere with GR/MR activity by disrupting ligand/DNA–receptor binding, GRs/MRs expression, and translocation [106].



The under-validation test measures the activation/inhibition of the human MR via a luciferase reporter gene. It is based on the human osteosarcoma cells (U2OS human cells) stably expressing the ligand binding domain of human MR fused to the yeast GAL4 DNA binding domain. It is a stable model that allows specific and sensitive measurement of the activities of the ligands of the MR. In addition, it provides a high-throughput cellular screening tool for the identification and characterization of MR ligands, either agonists or antagonists.




7.10. Comparison to Existing OECD and OCSPP Guidelines


These new methods have the potential to address the gaps left by the OECD and OCSPP guidelines. However, certain limitations persist, including limited or unknown metabolic capabilities of the cell model and a lack of information regarding the test’s applicability to mixtures. Metabolism can significantly affect the toxicity and endocrine-disrupting potential of chemicals; therefore, preliminary studies should be performed to prove the ability of cellular models used in endocrine disruption risk assessment to metabolize the assessed chemical. For example, assaying the activity of specific enzymes, such as cytochrome P450s (CYPs) or phase II conjugation enzymes, can provide insights into the metabolic capacity of a cell line. Examining the gene expression profile encoding for specific metabolic enzymes can also give indications of the cell line’s metabolic capabilities.



When evaluating mixtures, a case-by-case approach should be used. Indeed, mixtures can have varying compositions, interactions, and potential effects, and therefore, they may require different methods or considerations in the evaluation process.



Additionally, the WHO definition of endocrine disruptors mentions “the adverse health effects in an intact organism, or its progeny, or (sub)populations”. In vitro models often isolate individual tissues or cell types, making it challenging to study tissue-tissue interactions and their role in endocrine disruption. Co-culture in 3D models is an approach that involves the cultivation of multiple types of cells in a three-dimensional environment to mimic the complex interactions that occur within living organisms more closely than traditional 2D cell cultures. These models would provide a more physiologically relevant platform for studying cell–cell interactions, cell signaling pathways, and tissue development. Nevertheless, co-culture in 3D models comes with challenges, including the need for complex culture systems and difficulties in quantifying cell interactions. Particular attention must be paid to the choice of cell types, their ratios, and the culture conditions to replicate specific biological processes accurately.





8. Discussion and Conclusions


Efforts are being made on a global scale to improve the evaluation and understanding of the endocrine-disrupting potential of chemicals. The recognition of the impact that endocrine disruptors can have on human health and the environment has led to increased attention and research in this field. These efforts involve various stakeholders, including scientists, regulatory agencies, policymakers, and industry representatives, who collaborate to develop robust methodologies and guidelines for assessing endocrine disruptors. One key aspect of these initiatives is the development of standardized testing protocols and guidelines. These guidelines aim to provide consistent and reliable methods for identifying and characterizing endocrine disruptors. They outline specific endpoints, study designs, and evaluation criteria to ensure that the potential endocrine-disrupting properties of chemicals are thoroughly evaluated. Before entering the cycle of validation, these tests must be mature enough. Recently, an online self-assessment questionnaire (SAQ) called ReadEDTest has been developed to speed up the validation process by assessing readiness criteria of in vitro and fish embryo endocrine disruptors test methods under development [107]. The SAQ is divided into 7 sections and 13 sub-sections containing essential information requested by the validating bodies. According to the authors, ReadEDTest provides test developers who may not be familiar with international validation requirements with a straightforward and efficient way to obtain answers about crucial aspects of their test methods. This enables them to easily identify the strengths and limitations of their methods, gauging their readiness for potential validation.



Regardless of the biological issue being studied, from genotoxicity, which is a simple phenomenon studying the interaction of a substance with DNA, to much more complex phenomena, such as endocrine disruption, it is impossible to draw conclusions based on a single assay. In the safety assessment of cosmetic ingredients, the SCCS 10th Revision recommended to use of an in vitro battery of two tests to evaluate genotoxicity [108]. One in vitro test for the evaluation of the potential for mutagenicity and a second in vitro micronucleus test for the evaluation of chromosome damage (clastogen and aneuploidy). The combination of both tests allowed the detection of all relevant genotoxic carcinogens [109,110]. When the genotoxicity of a medical device has to be experimentally assessed, a series of in vitro tests shall be used, and at least two tests investigating different end-points shall use mammalian cells [111]. A similar approach should be applied to endocrine disruptors. When evaluating the potential endocrine-disrupting activity of chemicals, the evaluators must rely on the weight of evidence approach to consider various types of data from multiple sources. The weight of evidence approach allows the evaluators to assess the overall strength, consistency, and reliability of the data to determine the likelihood of a substance being an endocrine disruptor. The weight of evidence approach considers not only the quantity of evidence but also its quality and relevance. The guidance for the identification of endocrine disruptors in the context of Regulations (EU) N°528/2012 and (EC) No 1107/2009 aims to assist applicants and assessors from competent regulatory authorities in identifying endocrine disruptors [28]. This guidance outlines the process of gathering, evaluating, and considering all relevant information during the assessment of potential endocrine disruptors. It also explains how to conduct a mode of action analysis and utilize a weight of evidence approach to determine whether the endocrine disruptors criteria are met.



The strength of OECD guidelines lies in their scientific rigor, transparency, and consensus-based development process. These guidelines are developed by expert scientists and representatives from OECD member countries, ensuring a broad range of expertise and perspectives are considered. The above-described methods under validation by the OECD do not fully overcome the limitations of validated international guidelines. For example, the metabolic capacity of cells remains a potentially problematic aspect. Metabolic capacity is a crucial aspect of toxicology. If the metabolic capacity of cells is not adequately considered or accounted for, it can lead to inaccurate or incomplete results, affecting the overall reliability and validity of the research or interventions. Therefore, although developmental methods may offer advancements in risk assessment related to endocrine disruptors, they still fall short in addressing the limitations of validated guidelines, particularly in relation to the metabolic capacity of cells.



The test battery approach is designed to reduce the risk of false negative results for compounds with toxic potential. It is important to keep exploring and developing new methodologies that can effectively evaluate the risks associated with potential endocrine disruptors. By integrating these methods into a comprehensive weight-of-evidence framework, we can enhance our understanding of the potential hazards and make informed decisions regarding the regulation and management of these substances. This ongoing pursuit will contribute to more robust and reliable assessments, ensuring the protection of human health and the environment from the adverse effects of endocrine disruptors.
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Figure 1. Formation of the receptor–ligand complex leading to DNA binding and, subsequently, light emission. In vitro tests are conducted using genetically modified cell lines expressing the luciferase gene to detect the transcriptional activation or inhibition activity on hormone receptors induced by a chemical. 
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Figure 2. Steroidogenic pathway (from Test No. 456: H295R Steroidogenesis Assay [41]. Enzymes are in italics, hormones are bolded, and arrows indicate the direction of synthesis. Gray background indicates corticoid pathways/products. Sex steroid pathways/products are circled. CYP = cytochrome P450; HSD = hydroxysteroid hydrogenase; DHEA = dehydroepiandrosterone. 
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Table 1. Advantages and limits of OECD test guidelines.
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Test

	
Advantages

	
Limits






	
Transcriptional activation/inhibition assays




	
Test No. 455: Performance-Based Test Guideline for Stably Transfected Transactivation In vitro Assays to Detect Estrogen Receptor Agonists and Antagonists

	
HeLa9903 cell line of human origin available in international cell banks, easy to obtain.

VM7Luc4E2 cell line of human origin but available under a technical license agreement from the University of California at Davis (CA, USA) and from Xenobiotic Detection Systems Inc. in Durham (NC, USA), quite easy to obtain.

Calux cell line of human origin but available under a technical license agreement from Bio Detection Systems in Amsterdam (The Netherlands), quite easy to obtain.

Both agonist and antagonist activity (estrogen).

Considers the potential impact of the tested chemical product on cell viability.

Key mechanisms of ER-mediated endocrine disruption.

	
Focuses only on the transcriptional activation or inhibition of an ER-regulated reporter gene.

Limited metabolic capabilities.

Cannot be extrapolated to estrogen signaling and regulation.

Risk of false positives with phytoestrogens.

No information on the applicability of the test to mixtures.




	
Test No. 458: Stably Transfected Human Androgen Receptor Transcriptional Activation Assay for Detection of Androgenic Agonist and Antagonist Activity of Chemicals

	
AR-EcoScreenTM cell line available in international cell banks, easy to obtain.

Calux cell line of human origin but available under a technical license agreement from Bio Detection Systems in Amsterdam (The Netherlands). 22Rv1 cell line of human origin available in international cell banks, easy to obtain.

Both agonist and antagonist activity (androgen).

Considers the potential impact of the tested chemical product on cell viability.

Key mechanisms of AR-mediated endocrine disruption.

	
AR-EcoScreenTM cell line of animal origin.

Limited metabolic capabilities.

Focuses only on the AR.

Risk of crosstalk interference with GR if the chosen cell line expresses the glucocorticoid receptor.

No information on the applicability of the test to mixtures.




	
Interaction tests of a substance on hormonal synthesis




	
Test No. 456: H295R Steroidogenesis Assay

	
H295R cell line available in international cell banks, easy to obtain.

Can determine both increases and inhibitions of T and E2 (steroid) hormones secretion.

Considers the potential impact of the tested chemical product on cell viability.

H295R cells share physiological characteristics of zonally undifferentiated human fetal adrenal cells. They can produce all steroid hormones found in the adult adrenal cortex and gonads.

	
Unknown metabolic capacity of the cell line.

Does not determine which enzyme is affected by the chemical substance due to the presence of all enzymes involved in steroidogenesis in this cell line.

Does not identify substances that interfere with steroidogenesis due to effects on the hypothalamic-pituitary-gonadal (HHG) axis.

Long doubling time for the H295R cell line.

R