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INTRODUCTION
Endocrine-disrupting chemicals (EDCs) originate from a broad range of sources,

including industrial processes, agriculture, consumer products, and food-contact

materials. Some EDCs can interfere with estrogen signaling and other endocrine

pathways, and exposure to these chemicals may affect human health
[1]

. Women of

reproductive age and pregnant individuals represent particularly susceptible

populations. Low-dose, long-term, and combined exposure to xenoestrogens may

interfere with key physiological processes, including gonadal differentiation,

follicular development, gametogenesis, steroid hormone synthesis, and placental

endocrine regulation, thereby increasing the risks of infertility, borderline or

malignant ovarian lesions, spontaneous abortion, preterm birth, and congenital

reproductive abnormalities in offspring
[2-4]

. Compared with the liver and nervous

system, the female reproductive endocrine system is regulated by highly refined

hormonal networks with limited tolerance for perturbation. Even persistent exposure

at environmentally relevant trace levels may therefore cause irreversible gonadal

dysfunction and transgenerational developmental defects, making reproductive
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endocrine disruption a major challenge in exposomics and reproductive toxicology
[5-7]

.

Current research on the reproductive toxicity of xenoestrogens is constrained by three interrelated

limitations that hinder mechanism-oriented chemical risk assessment. First, many studies remain focused on

downstream endpoints, such as cell viability, organ phenotypes, and hormone secretion, and lack a

standardized analytical framework centered on reproductive-specific molecular initiating events (MIEs)
[8-11]

.

An MIE is the first molecular triggering event in an adverse outcome pathway (AOP) and provides a critical

basis for distinguishing direct toxic effects from compensatory stress responses. Current screening

approaches rely heavily on competitive binding assays targeting the ligand-binding pockets of estrogen

receptors (ERs). Consequently, noncompetitive xenoestrogens acting through allosteric sites such as

activation function-2 (AF-2) or binding function-3 (BF3), steroidogenic enzymes, or theca-cell-specific

proteins may be overlooked
[12,13]

. Systematic discovery of gonad- and placenta-specific toxicity targets also

remains inadequate, leaving important mechanistic gaps in the causal chain of toxicity
[14-17]

. Second,

conventional quantitative structure–activity relationship (QSAR) models have important predictive

limitations. Models trained primarily on structurally restricted datasets and competitive-binding data for

classical hormone-like compounds may fail to identify emerging chemicals that act through nonclassical

mechanisms, such as allosteric modulation or steroidogenic enzyme inhibition. A key challenge is the limited

availability and consistency of experimentally verified reproductive MIE data. Integrating molecular

structures, chemical fingerprints, protein features, and MIE activity may improve prediction, but differences

in data quality, missing modalities, and the relative contributions of individual features require careful

evaluation. Model performance should therefore be assessed using appropriate baseline models, independent

validation, and explicit uncertainty estimates. These limitations currently constrain the systematic

prioritization of emerging chemicals with potential reproductive hazards
[18]

.

Third, the credibility of epidemiological evidence is limited by the predominance of cross-sectional studies

examining associations between xenoestrogen exposure and female reproductive health
[12,19,20]

. Simultaneous

measurement of exposure and outcomes makes temporal ordering difficult to establish, so reverse causation

cannot be ruled out. In addition, multiple confounders - including age, body mass index (BMI),

gynecological history, preconception medication use, long-term dietary and cosmetic exposures, multi-

pollutant co-exposure, and familial susceptibility to reproductive disorders - are often addressed only

through simple multivariable regression. These covariates should be selected using an explicit causal model

and subject-matter knowledge. Mixture methods such as Bayesian kernel machine regression (BKMR) can

characterize joint exposure–response relationships, potential nonlinearity, and interactions; they should not

be described as substitutes for confounding control. Confounding adjustment and mixture-effect estimation

are related but distinct analytical tasks
[21,22]

. Cross-sectional studies can reveal associations but cannot

demonstrate the temporal causal sequence in which exposure precedes reproductive injury; consequently,

their findings provide limited support for chemical regulation and exposure-protection policies during

pregnancy. This Perspective proposes an integrated “mechanism–prediction–population” framework. Its

novelty lies not in any single component - MIE/AOP analysis, targetomics, machine learning, or cohort

epidemiology - but in linking them through a female-reproductive-health focus and a feedback loop:

experimentally supported MIEs inform prediction; prediction prioritizes chemicals and targets for

biomonitoring; and longitudinal population evidence helps assess whether the proposed mechanisms are

consistent with temporally ordered health outcomes. The framework explicitly addresses multiple targets and

pathways, matrix-specific exposure assessment, uncertainty in multimodal prediction, and the distinction

between mechanistic plausibility and population-level evidence [Figure 1].
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Figure 1. Research framework: an integrated mechanism–prediction–population paradigm. MIE: Molecular initiating event; CRISPR:
clustered regularly interspaced short palindromic repeats; PFAS: per- and polyfluoroalkyl substance; GNN: graph neural network.

ESTABLISHING A STANDARDIZED MOLECULAR DETECTION SYSTEM FOR REPRODUCTIVE
EDCS CENTERED ON MIES
MIEs can facilitate causal interpretation in reproductive toxicology because they represent the initial, specific

interaction between a contaminant and a key reproduction-related protein and constitute the first node of an

AOP. Unlike downstream responses such as inflammation and apoptosis, MIEs can provide mechanistic

anchors for investigating the initiation of reproductive toxicity
[8,20]

. However, MIE identification alone is not

proof of reproductive harm. A stronger evidence chain should connect chemical–target interaction to

downstream key events, pathway perturbation, tissue or organism-level changes, and ultimately an adverse

outcome. Evidence should be assessed across these levels, with uncertainty documented at each

transition
[23,24]

.

Current research on reproductive MIEs has two major shortcomings. First, target coverage is narrow and

remains focused primarily on ligand-pocket binding to ERs, whereas reproductive-specific MIEs involving

AF-2/BF3 allosteric sites, steroidogenic enzymes, and theca-cell-specific proteins are often neglected
[9]

. Many

noncompetitively binding xenoestrogens may therefore be classified as negative, resulting in false negatives.

Second, analytical approaches remain limited. Conventional chemical analysis provides little information on

protein interactions. Targetomics workflows suitable for gonadal cells, amniotic fluid, and follicular fluid are

lacking, preventing quantitative assessment of contaminant–MIE binding strength.

These limitations could be addressed by establishing a core target library that includes reproductive-relevant

nuclear receptors, such as ERα/β, progesterone receptors (PR), and androgen receptors (AR), as well as

steroidogenic enzymes, membrane-associated proteins, and other targets supported by reproductive

biology
[9,10,13,25]

. Label-free chemical proteomics and competitive-probe strategies could then be combined to

identify and validate candidate chemical–protein interactions. Candidate targets should be prioritized

according to their biological relevance, evidence of chemical engagement, and feasibility of experimental

validation. A four-level evidence chain could subsequently be applied to identify biologically meaningful

toxicity targets through binding-specificity validation, convergent multi-omics analysis of reproductive

pathways, assessment of protein-network hub weights, and clustered regularly interspaced short palindromic

repeats (CRISPR)-based gene-knockout validation, thereby excluding nonspecific adsorption noise [Figure

2].

Existing protein-affinity purification coupled with nontargeted mass spectrometry approaches (PUCA) have

mainly been applied to environmental media such as dust to capture exogenous bioactive contaminants and
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Figure 2. Integrated screening and identification of MIE-active compounds and their TPs. MIE: Molecular initiating event; LC–HRMS: liquid
chromatography–high‑resolution mass spectrometry; PUCA: protein-affinity purification coupled with nontargeted mass spectrometry
approaches; ER: estrogen receptor; TP: transformation product; LC–MS: liquid chromatography–mass spectrometry.

their transformation products (TPs) capable of binding nuclear receptors
[26]

. Direct transfer of this MIE-

oriented high-throughput screening strategy to human blood would face two practical bottlenecks. First,

environmentally derived contaminants and their TPs generally occur in blood at low concentrations,

resulting in weak mass-spectrometric signals. Second, serum contains abundant endogenous lipids,

hormones, and metabolic ligands that can cause severe analytical interference. Unbiased global nontargeted

screening may therefore generate numerous false-positive signals and make it difficult to specifically identify

exogenous MIE-active TPs in complex biological matrices
[27-29]

.

A matrix-aware hierarchical screening strategy is proposed to connect external exposure with internal dose.

Biological matrices should be selected according to the toxicokinetics of the chemical and the biomarker

being measured. Blood or serum is the standard matrix for measuring internal exposure; while urine, another

non-invasive matrix, is suitable for measuring non-persistent chemicals and their metabolites; saliva covers a

narrower set of hormones; and hair integrates exposure over weeks to months, including some metals. No

single matrix is optimal for every chemical, and matrix selection should account for contamination, stability,

analytical sensitivity, and biological significance. Paired samples may be useful where feasible.

External-exposure assessment could include indoor dust, indoor air, food, and drinking water, alongside

personal passive samplers such as silicone wristbands where appropriate. Nontargeted screening across these

media can generate a suspect list of parent compounds and putative TPs; subsequent suspect screening and

targeted confirmation in selected biological matrices can then reduce the search space. This workflow is a

proposed strategy and requires analytical validation, including blank control, recovery assessment, matrix-

effect evaluation, limits of detection and quantification, and confirmation using appropriate standards where

available.
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Within this hierarchical framework, ERs are recommended as the initial targets for MIE-based PUCA

affinity-capture analysis, with the aim of identifying exogenous contaminants and TPs that target ER-related

pathways. As one of the most representative nuclear receptor targets in environmental endocrine-disruption

research, ER signaling is one of the most extensively investigated with respect to the mechanisms of action of

environmental contaminants and indoor TPs. Using ERs as initial targets can facilitate establishment of the

analytical workflow and prioritize the identification of TPs in serum that may perturb estrogen signaling.

However, ER-based screening should be regarded as an initial step rather than a comprehensive assessment

of reproductive toxicity. The target panel may be expanded to include other relevant receptors, such as PR

and AR, as well as peroxisome proliferator-activated receptor gamma (PPARγ), membrane-associated

targets, and steroidogenic enzymes, according to the available mechanistic evidence.

Nevertheless, a single-target strategy has inherent limitations. Large-scale blood exposome prediction

studies, including HExpPredict, suggest that the predicted biological activity of some food additives and

food-contact chemicals may be concentrated in PPARγ-related metabolic pathways, whereas their ER-

disruption signals are comparatively weak
[13,30-32]

. Therefore, an ER-based screening strategy alone may fail to

capture exogenous chemicals and TPs whose potential biological effects are mediated predominantly

through other nuclear receptors and membrane receptors.

Accordingly, the use of ERs as the key protein should be regarded as a mechanism-oriented, stage-specific

screening strategy. It is intended to establish an internal-exposure fingerprint associated with ER-mediated

signaling through hierarchical screening of paired multi-media external-exposure and serum samples. As the

methodology matures, the target panel can be progressively expanded to include other proteins involved in

reproductive and metabolic regulation, such as PPARγ. This expansion may facilitate the identification of a

broader range of MIE-active TPs and strengthen risk assessment under complex chemical exposure

scenarios.

DEVELOPING MACHINE LEARNING STRUCTURE–ACTIVITY MODELS CENTERED ON
REPRODUCTIVE MIE BINDING ACTIVITY
Traditional QSAR models based on single structural descriptors or known receptor-binding activities have

several limitations. These models are often trained using chemically restricted datasets and classical

competitive-binding data, limiting their ability to identify reproductive hazards associated with novel plastic

additives, pesticides, and other emerging contaminants that act through nonclassical MIEs, including

allosteric modulation and enzyme inhibition. Their ability to predict nonlinear interactions and cumulative

effects under low-dose, multicomponent exposure conditions also remains limited.

Machine learning offers a promising solution to these challenges. By using different types of reproductive

MIE activity as core training labels and integrating multidimensional chemical information - including

molecular fingerprints, three-dimensional conformations, functional-group features, and potential

interaction sites - predictive models can be developed to recognize reproduction-related protein-binding

patterns and allosteric regulatory characteristics
[33,34]

. A hierarchical modeling strategy could first establish a

standardized training dataset containing experimentally validated reproductive endocrine-disrupting

compounds and negative controls, with MIE-level binding activity or functional responses serving as

classification and regression labels. Representative chemical classes could include per- and polyfluoroalkyl

substances (PFAS), phthalates, pesticides, and bisphenols. Random forests, graph neural networks (GNNs),

AlphaFold-assisted protein-structure prediction, and molecular docking could then be integrated to

incorporate three-dimensional information from reproduction-related proteins while retaining small-

molecule structural features. Ultimately, the framework could identify key functional groups, structural
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scaffolds, and modes of action associated with reproductive MIE activity and potential reproductive hazards,

supporting rapid hazard prioritization for industrial chemicals. This machine learning framework may

reduce the need for large-scale animal screening, improve the prioritization efficiency of candidate

contaminants under complex exposure conditions, and provide targeted screening lists for pollutant

detection in population cohorts. Nevertheless, in vitro MIE binding activity and computational predictions

may not fully correspond to biological effects at the cellular or organismal level. Model outputs should

therefore be validated and calibrated in nested longitudinal cohorts while accounting for exposure levels,

metabolic transformation, individual susceptibility, and potential confounding factors.

Candidate pathways should be prioritized using converging evidence rather than computational predictions

alone. Validated chemical–target interactions could be integrated with transcriptomic, proteomic, and

metabolomic changes, followed by functional validation in relevant reproductive cell or tissue models. The

biological relevance of candidate pathways should be considered in relation to reproductive processes, such

as follicular development, steroidogenesis, endometrial function, and placental endocrine regulation. Where

possible, the findings should be compared with established AOP key events and evaluated alongside

longitudinal population evidence. Pathway enrichment or predicted protein interactions alone should not be

interpreted as proof of a causal mechanism.

NESTED LONGITUDINAL COHORT DESIGN FOR COMPREHENSIVE CONFOUNDER CONTROL
Cross-sectional studies have inherent and difficult-to-avoid confounding limitations and represent a major

weakness in current epidemiological research on reproductive EDCs. Simultaneous measurement of

exposure and reproductive health outcomes cannot resolve temporal order, making it unclear whether

contaminants cause reproductive injury or whether reproductive disease alters metabolism and the internal

contaminant burden; reverse causation is possible. Existing analyses often rely on simple multivariable

models to adjust for diet, physical activity, gynecological history, preconception medication use, combined

exposure to multiple pollutants, family reproductive history, age, and BMI, with limited use of refined

methods such as stratified analyses and propensity-score approaches. In addition, reproductive injury may

involve critical windows of susceptibility before conception and during early pregnancy, whereas a single

biological sample collected in a cross-sectional study cannot distinguish exposure differences across these

stages
[35,36]

.

These limitations could be addressed through a nested longitudinal cohort design. Blood and urine samples

would be collected at baseline together with comprehensive questionnaires, and participants would be

followed through pregnancy, delivery, and reproductive development in their offspring. Individuals

experiencing infertility, ovarian lesions, or adverse pregnancy outcomes could be defined as cases and

matched with healthy women of reproductive age enrolled during the same period as controls. The core

epidemiological strategy is to improve confounding control and temporal assessment through a prespecified

longitudinal design. Potential baseline confounders, including age, BMI, educational attainment, and family

history of reproductive disease, should be collected at enrollment. Time-varying covariates, such as diet, use

of skincare and cosmetic products, occupational exposures, and medication use, would be reassessed during

follow-up. Covariates should be selected according to subject-matter knowledge and an explicit causal

model, rather than treating all co-exposures as confounders. Appropriate regression adjustment or

propensity-score-based approaches, including mvGPS where suitable, may be used to address measured

confounding. Separately, BKMR may be applied to characterize joint associations between chemical mixtures

and reproductive outcomes, including potential nonlinear exposure–response relationships and interactions.

The suitability of each method will depend on the exposure structure, sample size, covariate availability, and

underlying assumptions. Collecting exposure measurements before the occurrence of reproductive outcomes

can improve temporal ordering and reduce concerns about reverse causation, but cannot by itself eliminate
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residual confounding. This design establishes a three-layer evidence framework. First, machine learning

identifies chemical features associated with reproductive hazards. Second, corresponding reproductive MIE

biomarkers are measured in biological samples from the nested cohort. Finally, their temporal associations

with infertility, ovarian injury, and adverse pregnancy outcomes are evaluated. Molecular mechanisms,

structure–activity prediction, and epidemiological evidence can thus mutually reinforce one another and

improve causal credibility.

INTEGRATED PARADIGM: WORKFLOW COMBINING MIE TARGETOMICS, MACHINE LEARNING,
AND NESTED COHORTS
(1) Model training: Collect published reproductive MIE activity data and train GNN models to identify

structural features associated with high-risk EDCs.

(2) Sample screening: Analyze baseline biological samples from the nested cohort using machine

learning–derived priority lists and quantify reproductive-specific MIE binding levels through targetomics.

(3) Statistical analysis: Use prespecified covariate adjustment, stratified analyses, or propensity-score-based

methods, including mvGPS where appropriate, to address measured confounding. Apply BKMR separately,

where supported by the data, to evaluate joint exposure–response relationships, potential nonlinearities, and

interactions among co-exposures. Assess associations between MIE-related biomarkers and subsequent

reproductive outcomes, including infertility, miscarriage, and ovarian lesions, while accounting for the

temporal structure of the data and acknowledging the possibility of residual confounding.

(4) Mechanistic back-tracing: For xenoestrogens showing significant differences within the cohort, conduct

reverse validation of MIEs in cellular gonadal models to identify the relevant molecular initiating pathways.

(5) Translational output: Derive characteristic chemical scaffolds associated with reproductive risk to provide

both mechanistic and population-based evidence for the regulation of consumer chemicals and pesticides.

CONCLUSIONS
The proposed integrated research system still faces several practical limitations. At the MIE-detection level,

targetomics sensitivity remains insufficient for reproductive membrane proteins and low-abundance nuclear

receptors. In machine learning, available training datasets largely cover individual contaminants and provide

limited MIE-related evidence for synergistic effects of contaminant mixtures. At the population level, nested

longitudinal cohorts require prolonged follow-up and substantial resources, while MIE detection in low-

volume biological matrices such as amniotic fluid and follicular fluid remains technically immature.

Future research can advance along three complementary pathways. Technically, in situ live-cell targetomics

should be developed to improve the detection efficiency of membrane-associated reproductive MIEs, while

datasets for combined xenoestrogens should be expanded and GNN prediction models further optimized.

Epidemiologically, nested cohorts of women of reproductive age and pregnant individuals should be

enlarged, with long-term follow-up of reproductive development in offspring extending into adolescence.

From a regulatory perspective, reproductive MIE activity testing, machine learning–based structure–activity

prediction, and nested longitudinal population evidence could be integrated into standardized systems for

assessing chemical reproductive toxicity, progressively reducing reliance on traditional animal toxicology

experiments. By establishing an integrated mechanism–prediction–population assessment system, this

framework addresses a key weakness in current epidemiological research and provides a comprehensive and

implementable pathway for next-generation female reproductive toxicology research.
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