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Abstract

With the restriction of bisphenol A (BPA) in certain consumer products due to its endocrine-disrupting properties,
structurally analogous alternatives such as bisphenol S (BPS) and bisphenol F (BPF) have rapidly entered the
market. This shift has led to a wave of "regrettable substitutions” - chemicals that appear more environmentally
friendly but may pose comparable or even unforeseen risks. Based on the latest toxicological evidence and
population biomonitoring data, this perspective highlights that most mainstream BPA alternatives exhibit
estrogenic/anti-androgenic activity, metabolic disruption potential, reproductive toxicity, and neurodevelopmental
effects similar to those of BPA. Their widespread presence, environmental persistence, and hidden health hazards
expose critical weaknesses in the current “like-for-like substitution” regulatory approach. To address this challenge,
it is imperative to establish a safer assessment framework that integrates early endocrine disruption screening with
exposome-based evaluation. Shifting from “hazard substitution” to a “functional safe-by-design” strategy is critical
to circumvent the pitfalls of structural-analogue substitution, protect public health, and support sustainable
development.
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INTRODUCTION

Bisphenol A (BPA), a major monomer in polycarbonate plastics and epoxy resins, is widely used in food
storage containers, thermal paper receipts, medical devices, and other consumer products"*. However,
extensive research has demonstrated that BPA poses risks as a typical environmental endocrine-disrupting
chemical (EDC)*’. Even at extremely low doses, BPA can increase the risk of reproductive disorders,
metabolic diseases, and neurodevelopmental abnormalities by mimicking estrogen, antagonizing androgen,
and disrupting thyroid hormone pathways"*®. These findings have prompted regulatory actions worldwide.
For example, China, the United States, and the European Union (EU) have banned BPA in baby bottles and
imposed strict migration limits for food-contact materials'”'?. The EU first imposed a ban on BPA in baby
bottles through “Directive 2011/8/EU” in 2011"*.. More recently, BPA was added to the SVHC list under
“Regulation (EU) 2024/3190” and completely banned in food-contact materials in 2024

Consequently, market demand for “BPA-Free” products has accelerated the adoption of structurally similar
alternatives such as bisphenol S (BPS), bisphenol F (BPF), and bisphenol AF (BPAF). Currently, more than
20 bisphenol analogues are in commercial use”. In 2012, global annual BPA production exceeded 6 million
tons"", and worldwide consumption reached approximately 7.7 million tons by 2015"". That same year, the
U.S. Environmental Protection Agency (USEPA) identified eight manufacturers and/or importers of BPS,
reporting combined annual volumes between 454 and 4,540 tons""®. Data from the European Chemicals
Agency (ECHA) for the European Economic Area (EEA) in 2014 showed BPS production or import levels
of 1,000-10,000 tons, while BPF had not yet been registered"®. By 2023, BPS volumes had risen to 10,000-
100,000 tons, whereas BPF volumes were reported at 10-100 tons"”. BPAF was also registered by 2023, with
production or import levels estimated at 100-1,000 tons"*.

While these alternatives meet industrial performance requirements due to their similar physicochemical
properties, their shared bisphenolic structure confers comparable potential for biological disruption. Their
rapidly increasing global production and environmental prevalence are of particular concern. These
compounds are now detected ubiquitously in water, dust, soil, sediments, organisms, and even the human
body™*!. For example, a recent study found BPS in over 70% of urine samples (n = 1,157) collected from
residents of 26 provincial capitals in China®”. Globally, human biomonitoring data also confirm widespread
exposure. In Australia, urinary and wastewater levels of BPA declined between 2012 and 2017, whereas BPS
concentrations increased”. Similar trends - declining BPA exposure alongside increasing BPS and BPF
levels - have been documented in North America. The geometric mean urinary concentration of BPA
decreased from 2.07 pg/L in 2010 to 0.36 pg/L in 2014, while BPS detection frequency rose above 70% with
steadily increasing average concentrations®’. Comparable rising trends for alternative bisphenols were also
observed in European populations, with urinary concentrations in 2018 significantly higher than in 2015"%.

Notably, a recent study derived reference doses (RfDs) of 0.37 and 8.09 ng/kg-bw/day for BPS and BPF,
respectively, using Benchmark Dose Software (BMDS) to calculate the lower confidence limit of the
benchmark dose (BMDL) based on epidemiological evidence of declining male semen quality””. These RfDs
are orders of magnitude lower than the BPA RfD of 50 pg/kg-bw/day established by the USEPA in 1988"”
and the temporary tolerable daily intake (t-TDI) of 4 pg/kg-bw/day set by the European Food Safety
Authority (EFSA) in 2015 In 2023, EFSA™ revised the tolerable daily intake (TDI) for BPA to 0.2 ng/kg-
bw/day, placing the derived RfD for BPF within the same order of magnitude as BPA.

This evidence raises a critical question: Is the shift away from BPA inadvertently exposing the public to an
even more insidious and complex set of health risks?
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TOXICOLOGICAL EVIDENCE ON BPA ALTERNATIVES

As BPA alternatives have entered commercial use, accumulating toxicological evidence demonstrates their
ability to induce multiple adverse health effects""**”. Moreover, emerging findings are dismantling the “BPA-
Free” safety illusion, revealing that bisphenol substitutes retain the core endocrine-disrupting mechanisms
of BPAP". In vitro and animal studies consistently demonstrate that bisphenol compounds effectively bind
to and activate estrogen receptors (ERa/p)""***.. For example, long-term BPAF exposure in rats resulted in
uterine fibrosis in vivo*. Exposure during critical developmental windows (e.g., gestation, lactation) has
been shown to cause uterine malformations and accelerate ovarian follicular atresia***”\. In parallel, their
antagonistic effects on thyroid hormone receptors (TR) can disrupt metabolic homeostasis and

neurodevelopment, with potential transgenerational health consequences""***,

These bisphenol alternatives have been linked to concerning metabolic, immunotoxic, neurodevelopmental,
and reproductive effects****
harm to humans. For instance, BPS exposure exacerbates the progression of intestinal inflammatory
diseases'”, while BPF disrupts cholesterol and testosterone regulation through PPARa activation'.
Epidemiological data further reveal that BPS exposure is significantly associated with type II diabetes

|, which act as silent drivers of chronic diseases and may cause long-lasting

mellitus”, and BPF exposure correlates with reduced sperm quality”>*. Far from being inert, these
alternatives emerge as potent environmental triggers of metabolic dysfunction with long-term adverse
effects on human health. For example, Jiang et al. and Geiger et al. reported that prenatal exposure to BPA
and its alternatives has lasting effects on neurodevelopment by two years of age'”*.

Furthermore, real-world human exposures typically involve complex mixtures of bisphenol analogues and/
or other EDCs (e.g., phthalates, perfluoroalkyl substances). A recent study on co-exposure to bisphenols
and other EDCs - including phthalates and parabens - in the follicular fluid of women undergoing assisted
reproductive technologies revealed that these mixtures primarily influence hormone levels through
combined effects, rather than individual compounds'*. Increasing mixture concentrations were inversely
associated with estradiol levels on the hCG trigger day and with reduced basal progesterone, with BPS and
bisphenol P (BPP) identified as key contributors'*’. Notably, BPS and BPF exhibit synergistic effects when
co-exposed with each other, with BPA, or with other harmful environmental factors, contradicting simple
dose-additive predictions****". These findings demonstrate that current “safe threshold” assessment
models, which are based on single-chemical evaluations, systematically underestimate the combined health
risks of mixed exposures. In real-world environments, such mixture effects act as a magnifying lens, altering
or amplifying the risks posed by individual chemicals.

THE “LIKE-TO-LIKE SUBSTITUTION” STRATEGY APPEARS FLAWED

The risks posed by bisphenol alternatives stem from structural shortcomings in current regulatory science
paradigms. Early frameworks relied primarily on structure-activity relationship assessments and a narrow
set of toxicity endpoints (e.g., acute toxicity, mutagenicity) when evaluating alternatives to BPA"™”., However,
such approaches fail to capture the defining risks of EDCs, including low-dose effects, delayed latency
periods, and non-monotonic dose-response relationships. The assumption that BPS, BPF, and related
analogues are “safer BPA alternatives” represents a dangerous oversimplification that disregards the
mechanistic complexity of endocrine disruption and highlights the inherent flaws in this “like-to-like
substitution” logic.

Current EDC testing guidelines endorsed by major regulatory bodies (e.g., OECD) still rely largely on
animal studies, which are expensive, time-consuming, and low-throughput, despite the introduction of
some in vitro methods****. These methods remain inadequate for addressing the testing and evaluation
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demands of the growing number of new chemicals. Importantly, existing protocols have notable limitations:
they cannot fully meet the requirements of endocrine disruptor testing, nor do they simulate the long-term
consequences of exposures during critical developmental windows in humans. This has created a widening
gap between advances in scientific understanding of bisphenol alternatives and the regulatory testing
frameworks intended to evaluate them.

Moreover, the safety thresholds of RfD and TDI for bisphenol alternatives are generally derived from risk
assessments of individual substances in isolation""*". These thresholds are central to human health risk
evaluation. Yet in reality, human exposure typically involves complex mixtures of multiple bisphenol
analogues, other EDCs, and environmental stressors. The absence of robust frameworks for mixture risk
assessment, combined with the lack of testing requirements, perpetuates a critical paradox: although the
risks from individual substances may appear to fall below “safe” thresholds, their combined effects can far
exceed biological tolerance. Addressing the health impacts of mixed exposures remains a major challenge,
compounded by the severe scarcity of toxicity data for binary mixtures and, more critically,
multicomponent pollutant mixtures.

Finally, chemical substitutions are often driven by market forces and implemented rapidly, whereas
comprehensive risk characterization and regulatory decision making typically require many years, if not
longer. This “substitution-first, assessment-later” approach enables potentially hazardous substances to be
widely adopted in industrial applications long before adequate safety data are available, leading to their
release into the environment and eventual human exposure. The rapid increase in the BPS market following
BPA restrictions provides clear evidence of this systemic failure.

DEVELOPING AN INNOVATIVE PARADIGM FOR ENVIRONMENTAL HEALTH RISK
ASSESSMENT AND MANAGEMENT

To avoid introducing new risks from chemical substitutes, a fundamental upgrade in the toxicity testing
strategy for these alternatives is urgently needed, with a focus on developing mechanism-based predictive
systems [Figure 1]. First, novel BPA alternatives must undergo mechanism-driven high-throughput
screening that targets nuclear receptors (ER/AR, etc.), hormone-metabolizing enzymes, and key signaling
pathways. These assays should integrate artificial intelligence models that combine structural data with in
vitro omics results to provide early warnings. Second, priority should be given to replacing traditional
animal testing with humanized toxicity models, such as in vitro systems built from human-derived cells,
tissues, or organoids”"*”. These approaches can more accurately capture relevant biological interactions and
reduce errors caused by cross-species differences. Finally, systematic evaluations of how alternatives affect
critical biological nodes should be performed using cell models and metabolomics to identify potential
chronic disease risk factors.

Globally, human biomonitoring of bisphenols remains highly limited, both in national surveillance and
large-scale regional studies”””. Establishing a continuous, nationwide biomonitoring program is essential to
track exposure profiles of bisphenol analogues, especially in vulnerable groups such as pregnant women and
children. By integrating electronic health records with environmental exposure data, machine learning can
be used to analyze associations between bisphenol analogue mixtures and outcomes related to
neurodevelopment, reproductive toxicity, and metabolic health. This integrated approach will support
evidence-based chemical regulation grounded in real-world exposure data. Furthermore, physiologically
based pharmacokinetic modeling and target-based hazard index methods should be developed to quantify
cumulative risks of bisphenol analogue mixtures that share common or similar mechanisms (e.g., estrogenic
activation). Full lifecycle management is also necessary, including the establishment of emission inventories
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Figure 1. Paradigm for environmental health risk assessment and management.

for bisphenol analogues spanning raw material production to waste disposal, alongside strengthened
wastewater treatment standards for the removal of trace EDCs.

For both regulatory authorities and industry, source prevention and necessity review should be guided by
“functional necessity” assessments, which require verification of both the indispensability of a substitute and
the absence of safer alternatives. Green chemistry design must be actively promoted by encouraging the
development of “safe-by-design” alternatives - for example, avoiding bisphenol-based structures,
incorporating degradable functional groups, and accelerating the commercialization of non-bisphenol
alternatives such as epoxy resins. Additionally, mandatory labeling of substitute chemicals in “BPA-Free”
products and the establishment of open-access safety databases are critical to preventing misleading
marketing. Through coordinated scientific regulation and green innovation, the pitfalls of substitution can
be fundamentally avoided, despite the significant challenges ahead.
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CONCLUSIONS

The emergence of BPS, BPF, and other BPA alternatives, together with mounting evidence of their health
risks, underscores the short-sightedness and inherent flaws of current “hazard substitution” strategies.
Rather than escaping the threats posed by BPA, we may instead have created additional entry points into a
structurally similar labyrinth. This dilemma highlights the failure of existing chemical risk management
paradigms to keep pace with advances in endocrine disruption science and the complex reality of mixed
exposures. The urgent priority now is to move beyond the passive mindset of “chemical substitution” and
actively embrace a “functional safe-by-design” paradigm. This requires the use of advanced in vitro models
and modern computational tools to assess endocrine-disrupting potential before new BPA alternatives enter
the market; the application of exposomics to reveal real-world mixed exposure scenarios; the
implementation of full lifecycle management for alternative material flows; and the development of policy
incentives to drive industry toward inherently safer designs. Only through such measures can we avoid the
paradox of addressing one recognized environmental and public health issue while generating a series of
unknown, and potentially more serious, problems. Protecting human and environmental health demands
both forward-looking vision and transformative action. We must end the futile cycle within the bisphenol
labyrinth and forge a new path toward genuinely safe and sustainable solutions. By doing so, we can
overcome the pitfalls of substitution and advance toward a new era of health-conscious design for BPA
alternatives, despite the significant challenges ahead.
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