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Abstract

Sections

Endocrine-disrupting chemicals (EDCs) are substances generated

by humanindustrial activities that are detrimental to human health
through their effects on the endocrine system. The global societal

and economic burden posed by EDCs is substantial. Poorly defined or
unenforced policies canincrease human exposure to EDCs, thereby
contributing to human disease, disability and economic damage.
Researchers have shown that policies and interventions implemented
atbothindividual and government levels have the potential to reduce
exposure to EDCs. This Review describes a set of evidence-based policy
actions to manage, minimize or even eliminate the widespread use of
these chemicals and better protect human health and society. Anumber
of specific challenges exist: defining, identifying and prioritizing EDCs;
considering the non-linear or non-monotonic properties of EDCs;
accounting for EDC exposure effects that are latent and do not appear
until later in life; and updating testing paradigms to reflect ‘real-world’
mixtures of chemicals and cumulative exposure. A sound strategy also
requires partnering with health-care providers to integrate strategies
to prevent EDC exposurein clinical care. Critical next stepsinclude
addressing EDCs within global policy frameworks by integrating EDC
exposure prevention into emerging climate policy.
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Key points

o Poorly defined or unenforced policies can increase global human
exposure to endocrine-disrupting chemicals (EDCs), contributing to
substantial human disease, disability and economic damage.

e Regulatory bodies have drawn from leading scientific and health
organizations to define EDC properties but have not operationalized a
consistent definition.

e Current risk-based paradigms do not consider the non-linear and/or
non-monotonic properties of EDCs: default toxicology methods to
measure minimum levels do not adequately protect from EDC
exposure.

o Policies also need to account for latent EDC exposure effects that do
not appear until later in life.

o EDC testing paradigms should reflect real-world mixtures and
cumulative exposures.

e Many EDCs are manufactured from fossil fuels, linking their fate
with our ability to develop sound policy to address the grand societal
challenge of climate change.

Introduction

Six decades ago, scientists uncovered the harmful consequences of
the organochlorine pesticide dichlorodiphenyltrichloroethane'and the
pharmaceutical diethylstilbestrol, a non-steroidal form of oestrogen?,
on the human endocrine system. Evidence has since rapidly accumu-
lated to document the adverse effects and extensive costs of anthro-
pogenic endocrine-disrupting chemicals (EDCs) on hormone action
and, consequently, human health®. The 1991 Wingspread Conference
specifically highlighted the disruptive consequences of EDCs on oes-
trogen receptors®, but scientists have since revealed how EDCs can also
affectandrogen, thyroid, and other nuclear receptor and/or hormonal
pathways and functions, subsequently altering health and development
through multiple mechanisms (Table 1). Inthe past decade, numerous
health, medical and scientific organizations, including the WHO and
United Nations Environment Programme’, the Endocrine Society®’, the
American Academy of Pediatrics®, and the International Federation of
Gynecology and Obstetrics’, have released statements that highlight
convincing evidence of the harmful effects of EDCs.

The societal burden posed by EDCs is substantial, with attribut-
able disease costs of US$ 340 billion per year inthe USA (2.3% of GDP),
€163 billion per year in the European Union (EU) and CAD$ 24.6 billion
per year in Canada, based on a 2010 population®°7¢ (Table 2). These
reports regarding EDC costs did not include estimates of the health
effects of perfluoroalkyl substances (PFASs), which were assessed in
2018 and are anticipated to be at least US$ 5.5 billion annually, with pos-
sible projections of up to US$ 62.6 billion per year in the USA”. A 2022
publicationdocumented ~90,000 deaths inthe USA of individuals aged
55-64 yearsthat were attributable to phthalate exposure, with lost pro-
ductivity of US$ 39.9-47.1billion per year'®. Unsurprisingly, the disease
burdenand costs from EDCs fall unequally on people from minoritized
racial or ethnic and socio-economic groups within countries” as well
as unevenly between countries®>?'. EDC-related consequences are

disproportionately greater in low-income and middle-income coun-
tries, where increased human exposure to PFASs, for example, has
contributed to over 400,000 babies being born with low birthweight
over the past two decades®.

While the public bears the health and economic costs of EDCs,
current regulatory agencies and policies seldom hold manufacturers
responsible for the consequences of these EDCs. Additionally, the
regulation of EDCs varies across countries. For example, tributyltin
(TBT)-based antifouling products, which improve paint durability by
slowing the growth of marine organisms on boat surfaces, are associ-
ated with detrimental effects on the female reproductive axis®. The
trade of TBT-based products has been banned by the Rotterdam Con-
vention, but TBT-based antifouling paints continue tobe manufactured
inthe USA and are thus persistently available and globally distributed™.

Differencesin policy between countries as well as poorly defined
and unenforced policies can result in increased human exposure to
EDCs, which contributes tohuman disease and disability, thereby harm-
ingthe economy. As anexample, in California, furniture manufacturers
were required to add brominated flame retardants to their products
until 2015, whereas the EU banned the use of these chemicals earlier.
These differencesin policy have contributed to greater neurocognitive
disability in the USA than in the EU, resulting in tremendous societal
and economic costs (US$ 4.5 trillion in the USA between 2001 and
2016 compared with <US$ 100 billionin the EU over the same period)®.
Conversely, toaccount for the unique vulnerability of childrento EDCs,
the US Congress passed the Food Quality Protection Actin1996, which
established allowable levels for the use of pesticides in food crops. This
legislation reduced exposure to organophosphate pesticidesand, thus,
the associated societal costs in the USA compared with the EU, which
failed to implement similar legislation”. When communities bear the
health costs of exposure, class action lawsuits can hold manufacturers
accountable; for example, residents near Hoosick Falls in New York
State successfully sued a corporation (Baker vs Saint-Gobain Perfor-
mance Plastics Corp. et al., case no. 1:16-cv-0917) for contaminating
their drinking water with perfluorooctanoic acid (PFOA)*. However,
such examples are rare. Exposures often have multiple sources from
multiple manufacturers, which stymies efforts to hold specific corpora-
tions responsible; instead, broad-scale regulatory actions arerequired.

Researchers have shown that policies and interventions —
implemented on an individual basis and at government levels — have
the potential to reduce exposure to EDCs. For example, an organic
diet intervention decreased urinary levels of organophosphate pes-
ticide metabolites in children?, and strategies to decrease the use of
personal care products containing parabens, phthalates and phenols
lowered the levels of these chemicals in the urine of adolescent girls®.
Dietary interventions (eating ‘fresh foods’ to limit food packaging)
reduced exposure to bisphenol A (BPA) and di-2-ethylhexyl phthalate”,
and household renovation of spaces containing ‘healthier’ materials
(furniture and carpets) contributed to reduced levels of brominated
flame retardants, PFASs and organophosphate flame retardantsindust,
amajor pathway for human exposure, compared with spaces contain-
ing conventional materials®. Broad-scale regulatory actions, whichare
more far-reaching than individual or community-level interventions,
have limited the use of BPA and certain phthalates, and these actions
are likely to be responsible for decreases in the urinary levels of these
chemicalsseeninastudy conductedinthe USAbetween 2005and 2016
(ref. 31). Regulatory-level strategies are known to produce successful
andrapid reductions in exposure, and governments balance develop-
ing efficient regulation with adequate human protection from EDC
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Table 1| Representative EDCs and their mechanisms of disruption

Source

EDC

Use

Mechanism of disruption

Oestrogen Androgen Thyroid Other®

Cosmetics, personal Dibutyl phthalate Plasticizer (nail polish) Yes Yes ND Yes
CeRledRe Benzophenones Solvent (sunscreen) Yes ND ND Yes
Paraben Preservative (makeup, shampoo) Yes ND ND Yes
Triclosan Antimicrobial (soaps, detergents) Yes ND ND Yes
N,N-diethyl-meta-toluamide Insect repellent (personal spray) Yes ND ND Yes
Pesticides, herbicides, Chlorpyrifos Insecticide (organophosphate) Yes ND ND Yes
fungicides Pyraclostrobin Fungicide (quinone inhibitor) ND ND Yes Yes
Dichlorodiphenyltrichloroethane Insecticide (organochloride)® Yes Yes ND Yes
Atrazine Herbicide (corn crops, golf courses) ND Yes Yes Yes
Industrial chemicals Bisphenols Plastics (hard plastics), thermal paper receipts  Yes Yes ND Yes
Phthalates Plastics (soft plastics), food packaging Yes Yes ND Yes
Polychlorinated biphenyl Plasticizer (paints, cements)® ND ND Yes Yes
Triphenyl phosphates, organophosphates  Flame retardant (electronics, glues) Yes ND Yes Yes
Polybrominated diphenyl ethers Flame retardant (buildings, electronics) Yes Yes Yes Yes
Metals Lead Paint, water pipelines® Yes ND ND Yes
Cadmium Cigarette smoking, industrial emissions, Yes ND ND Yes
fertilizer
Mercury Coal burning Yes ND Yes Yes
Arsenic Herbicides, fossil fuels Yes Yes ND Yes

Table 1is representative and is not a comprehensive table of endocrine-disrupting chemicals (EDCs) and their mechanisms of disruption’®". ND, not determined. *Other’ encompasses
nuclear receptors (for example, retinoid X receptors, peroxisome proliferator-activated receptors) and metabolic receptors. *Legacy chemicals: exposure to these chemicals is already highly
regulated, but they are included in this table owing to their persistence and as historical examples.

exposure (Box1).Inthis Review, we provide a set of science-based policy
actions (Table 3) that can be taken to manage, minimize or eliminate
the widespread use of these chemicals and better protect human health
and society (Fig.1).

Meeting challenges with science-based policy
solutions

Challenge #1: defining, identifying and prioritizing EDCs
Although numerous regulatory bodies have drawn from scientific
recommendations to define the properties of an EDC*, they have been
challenged by the task of operationalizing this definition to implement
protective policies. The WHO definition of an EDC has two require-
ments: first, that a chemical must alter the function of the endocrine
system; and, second, thata consequence of that alterationis anadverse
effect observed in anintact animal, its progeny or a subpopulation of
animals®. Historical applications of either component of the WHO
definition have beeninconsistent and problematic. For example, regu-
latory bodies will elude principles of endocrinology intheir application
of the first requirement (‘a chemical must alter the function of the
endocrine system’) by limiting the function of the endocrine system to
that of solely maintaining homeostasis in response to environmental
stressors®. Thisinterpretation allows agencies to construe that chemi-
calsare natural physical stressors that the endocrine system can adapt
tointhe same manner asit does to temperature or water®?, This narrow
perspective, usually drawn from the exposure of adult individuals to
chemicals, neglects the critical role of the endocrine system during

human development, particularly in brain development or sexual
differentiation, orinestablishing stress responses or metabolism later
inlife (see the later discussion of latency).

The second set of inconsistent applications involves debate and
uncertainty over what constitutes an ‘adverse effect’and whether such
designations are reproducible from study to study or from regulator
to regulator (for example, between agencies in the same country or
even within the same agency)***. Current approaches to identifying
adverse effects induced by EDCs are complicated by the extensive
resources required for such a task, including time, cost and the use of
laboratory animals®. Inthe USA, the Environmental Protection Agency
(EPA) was mandated to develop a strong and sustainable programme,
the Endocrine Disruptor Screening Program (EDSP), to prioritize and
evaluate chemicals for their potential adverse endocrine-disrupting
properties®. Conceived in 2012, the EDSP has received limited support
from the EPA, with only 52 chemicals screened through its first tier of
evaluative assays (‘to identify chemicals with the potential to interact
with oestrogen, androgen or thyroid receptors, or chemicals that alter
steroidogenesis’) and zero chemicals tested for endocrine disruption
in its second tier of assays (‘to evaluate endocrine-mediated adverse
outcomes’) over 25 years of the programme™®. In 2023, the EPA proposed
thereplacement of several EDSP screening assays with high-throughput
screening methods torapidly screenalarge number of diverse chemical
samplestoidentify candidates and predict adverse health outcomes®”".
These high-throughput screening methods (for example, ToxCast and
Tox21(ref.38)) have been developed by government agencies, such as
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the EPA,NIHand FDA, tolook for endocrine-active substances but have
never been used to define a chemical as an EDC. Regulatory bodies
are still unclear about which new methodologies can be used to fill in

datagapsandto complement current resource-intensive approaches
thatare poorly designed and miss critical exposure windows and their
associated longitudinal endpoints®.

Table 2 | Disease burden and economic cost of the outcomes associated with exposure to EDCs over the life course

EDC Life Outcome USA Canada EU
stage of N . . . . .
exposure Disease burden Economic Disease burden Economic Disease Economic
cost (US$) cost (US$) burden cost (US$)

PBDEs Prenatal Loss of 1Q points 11 million IQ points 266 billion 374,395 1Q 1.4 billion 873,000 12.6 billion
and intellectual lost; 43,000 points lost; 1,610 1Q points
disability intellectual intellectual lost; 3,290

disability cases disability cases intellectual
disability
cases
Cryptorchism 4,300 cases 35.7 million 567 cases 7.3 million 4,615 cases 172.6 million

Organophosphates  Prenatal Loss of 1Q points 1.8 million IQ 44.7 billion 152,922 1Q 4.2 billion 13 million 194.0 billion
and intellectual points lost; 7,500 points lost; 377 1Q points
disability intellectual intellectual lost; 59,300

disability cases disability cases intellectual
disability
cases

DDE Prenatal Childhood obesity 857 cases 29.6 million 114 cases 2.5 million 1,555 cases 32.7 million
Type 2 diabetes 24,900 cases 1.8 billion 3,270 cases 385.2 million 28,200 cases 1.1 billion
mellitus

Adulthood  Fibroids 37,000 cases 259.0 million 2,254 cases 4.2 million 56,700 cases  216.8 million
(female)

DEHP Adulthood  Obesity 5,900 cases 1.7 billion 2,093 cases 684.8 million 53,900 cases  20.8 billion
Type 2 diabetes 1,300 cases 91.4 million 225 cases 25.8 million 20,500 cases  807.2 million
mellitus

Adulthood Endometriosis 86,000 cases 47.0 billion 10,151 cases 5.7 billion 145,000 cases 1.7 billion
(female)
BPA Prenatal Childhood obesity 33,000 cases 2.4 billion 1,023 cases 59 million 42,400 cases 2.0 billion
Phthalates Adulthood Male infertility 240,100 cases 2.5 billion 1,395 cases 17.0 million 618,000 cases 6.3 billion
(male)
Adulthood Cardiovascular 90,800 cases 39.9 billion ND ND ND ND
mortality

PFASs Prenatal Low birthweight 10,053 cases 1.4 billion ND ND ND ND

Childhood obesity 127,362 cases 2.7 billion ND ND ND ND
Childhood Pneumonia 447-6,759 cases 1.5-22.5 million ~ ND ND ND ND
Pregnancy Gestational 6,061 cases 414-852 million  ND ND ND ND
diabetes
Adulthood  Obesity 4,294,379 cases 17 billion ND ND ND ND
Kidney cancer 142 cases 184 million ND ND ND ND
Couple infertility 593-26,160 cases  37.6 million to ND ND ND ND
1.7 billion
Adulthood  Hypothyroidism 14,572 cases 1.3-5.2 billion ND ND ND ND
(female) o diabetes 1728 cases 140 million ND ND ND ND
mellitus
Endometriosis 696-18,062 cases 397 million to ND ND ND ND
10.2 billion
Polycystic ovary 7,209-7505 cases  10.5-10.9 million ND ND ND ND
syndrome
Breast cancer 421-3,095 cases 555 million to ND ND ND ND

41 billion

All estimates are from 2010, except for perfluoroalkyl substances (PFASs), for which USA estimates are from 2018 (refs. 3,10,17,18). BPA, bisphenol A; DDE, dichlorodiphenyldichloroethylene;
DEHP, di-2-ethylhexyl phthalate; EDCs, endocrine-disrupting chemicals; ND, not determined; PBDEs, polybrominated diphenyl ethers.
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Solutions to Challenge #1

Enforcing existing mandates to test chemicals for endocrine-
disrupting properties. First, and perhaps most important, is that
several legal requirements already existin the USA and EU to test chemi-
cals for their endocrine-disrupting properties; therefore, an efficient
policy solution would be for the regulatory bodies to enforce the legal
mandates already in place.Inthe USA, the EPAisrequired to screenand
test pesticides used in food crops for potential endocrine-disrupting
properties®. However, as outlined above, the EDSP has failed to identify
asingle chemical as an EDC and, subsequently, no regulatory actions
have been taken.

Restricting the use of EDCs. In the EU, the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH) regulation of
2006 (ref. 40) determined that EDCs were considered substances
of very high concern and their use must first be authorized (which
involves demonstrating that any risks associated with their use are
sufficiently controlled or that the socio-economic benefits of their use
offset the risks) or, if the chemical is already in use, restricted (which
could constitute a total ban or excluding its supply to the general
public). Examples of restricted-use chemicals include known EDCs such
asperchlorate, BPA and several phthalates. Because the REACH regula-
tion applies to chemicals used in industrial processes and day-to-day
products (forexample, clothes, furniture, toys, appliances and building
materials), these restrictions limit the use of BPA, several phthalates
and perchloratein paints, electronics, toys and paper goods. However,
the scope of REACH does not include food or food contact materials,
thus missing a key pathway of human exposure. REACH is an example
of a regulation that can restrict the use and limit human exposure to
EDCsbutitisreliant on our ability to identify these chemicals (see the
discussion below on screening substances with no endocrine testing

Box 1

The Goldilocks Principle
applied to chemical regulation

Applying the Goldilocks Principle, or ‘just the right amount’, to
chemical regulation means prioritizing policy that is not represen-
tative of either extreme approach (excessive or zero regulation)
but, rather, adopting a balanced approach with a minimum set

of standards and periodic re-evaluation. Examples include the
following:

e |dentifying a minimum amount of information to meet the
regulatory safety standard before allowing chemicals to enter
the market and setting up a periodic timeline for re-evaluation.
Synthesizing existing knowledge, both mechanistic and animal
based, about how diseases develop and progress rather than
requiring years-long animal studies to conclude whether
chemicals have endocrine-disrupting properties.

Prioritizing the assessment of exposure to endocrine-disrupting
chemicals from food and water instead of allowing multiple
exposure pathways to paralyze the regulatory decision-making
process.

data). Unfortunately, as 0of 2022, only 105 substances had been identi-
fied and regulated as EDCs using the REACH regulation*; therefore,
this policy solution example remains ‘in progress’.

Screening substances that have no endocrine testing data.
Human industrial activities have generated over 350,000 estimated
substances* used in products ranging from cosmetics to food pack-
aging, electronics, furniture and building materials (Table 1). The
chemical landscape continues to expand, with more than 42,000
active chemicals on the EPA Toxic Substance Control Act inventory of
chemicals; more than 10,000 chemicals are allowed in food and food
packaging*, and more than 1,000 pesticide active ingredients are
currently covered by the EDSP*. Hundreds of additional chemicals are
introduced to the US market every year**. Given that the vast majority
of new chemicals have not been evaluated for potential EDC effects
(either individually or in combination)*, they have incomplete or
absent hazard assessment portfolios from which toinformregulation
and restrictions.

Over the past decade, tens of millions of US dollars have been
invested into high-throughput screening programmes such as Tox-
Cast and Tox21, resulting in the generation of data for thousands of
chemicals that have been tested across hundreds of assays and end-
points. Although these programmes have limitations (discussed else-
where)***, they do have strengths in the breadth of their potential
chemical characterization. However, despite this potential, regulatory
bodies, suchasthe EPA, lack adirected strategy toincorporate the use
of these programmes into regulatory assessments of chemicals that
currently have no EDC data or to recommend that the regulated indus-
triesimplement them torestrict the use of harmful EDCs. Agencies like
the EPA are currently in possession of data confirming EDC effects for
numerous common-use chemicals without concrete planstoregulate
them. For example, the EPAidentified a correlation between maternal
perchlorate exposure and thyroid dysfunctionin mothers and neuro-
logical dysfunction in their children but did not regulate perchlorate
as adrinking water contaminant (Natural Resources Defense Council
vs Regan, No. 20-1335, Slip Opinion, D.C. Circuit May 9,2023)*,

A universally recognized approach is therefore needed to deter-
mine which, if any, high-throughput in vitro screening methods can
beusedto provide sufficient evidence that achemical confers adverse
effects. Many of these methods, such as ToxCast, have been used to
develop robust models (>70% success) to predict diverse health end-
points, including metabolic health disruption and/or adipogenic
effects®, rat reproductive toxicity*®, prenatal developmental toxicity™,
and hepatotoxicity*’. These models, which depend on accurate infor-
mation on causal pathways underlying specific adverse health condi-
tions, could be used to screen the tens of thousands of chemicals in
commerce for more comprehensive evaluation. Particularly as the
EPA moves towards reducing and eventually eliminating the use of
vertebrate mammalian models from risk assessment testing, these
alternative models could prove critical for helping to support the selec-
tion and prioritization of chemicals for potential regulation moving
forward. However, despite these successes and potential applications,
these predictive models have been less successful in other contexts;
the mainissues have primarily been the quality of the datainput (later
versions of ToxCast have better predictive utility than earlier versions*)
and, asnoted, thereliance of these efforts ona comprehensive under-
standing of the majority of causal pathways contributing to spe-
cific adverse health outcomes®>. Without this mechanistic detail on
human diseases, these predictive models will be less successful than
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Table 3 | Science-based policy actions for EDCs

Scientific
consideration

Efforts

Current challenges

Policy or regulatory recommendations

Defining, identifying
and prioritizing
EDCs

Scientific organizations and
regulatory agencies have defined the
features of an EDC: (1) chemical must
alter endocrine system function; (2)
consequence is an adverse effect on
an animal

(1) Inconsistent application of what it means

to alter the endocrine system; (2) definition

of adverse effect is unclear and untested; (3)
incomplete and/or absent hazard assessments;
(4) inconsistent regulation by agencies

(1) Enforce existing mandates to test for
endocrine-disrupting properties; (2) restrict use
of known EDCs; (3) screen substances added

to food, food packaging or processing; (4)
mandate screening new chemicals for endocrine
disruption, focusing on chemicals in foods;

(5) encourage coordination of governmental
agencies within and between jurisdictions

Non-linear and/or
non-monotonic
properties of EDCs
not considered

REACH and EU regulations use
hazard-based approaches; EPA
advises that there is no safe level of
PFASs

Monotonicity (that is, the higher the dose,

the worse the effect) is still the default dose-
response assumption in toxicological science
and regulatory toxicology; monotonicity does
not reflect how EDCs operate

(1) Apply a no-threshold approach in regulations,
meaning that a quantifiable safe dose does not
exist; (2) agencies should use a hazard-based,
and not risk-based, approach for EDCs

Effects of EDC
exposure can be
latent

Precautionary principles have been
used (Bremen Declaration, 1984;
London Declaration, 1987; Hague
Declaration, 1990)

Current testing guidelines rely on short-latency
effects, adult animal exposure and apical
endpoints

(1) Require evidence of no harm to vulnerable
populations prior to approval of new chemicals;
(2) limit use of existing chemicals in the presence
of partial but concerning information; (3)
demand further studies

‘Real-world’
mixtures and
cumulative impacts
not reflected by
current testing
paradigms

Mixtures

CPSC, FDA, EFSA and ECHA have
proposed guidelines that consider
assessing mixtures; CPSC and FDA
have begun regulating chemicals as
classes and subclasses

(1) Agencies assess chemicals for risks one at
atime; (2) heterogeneity of complex mixtures;
(3) concerns about feasibility of regulating all

possible mixture exposure scenarios; (4) vague,

complicated definitions of chemical mixtures

Cumulative impacts

Research indicates that (1) chemicals
affecting the same health outcome
act in an additive manner regardless
of their molecular pathways; (2)
structurally unrelated chemicals
might cause cumulative health

Agencies with authority to assess cumulative
effects are either narrowly focused on shared
molecular pathways to harm (for example,
EPA organophosphate pesticides) or narrowly
focused on related chemical structure

(for example, EFSA phthalates)

Regulate and test chemicals as subclasses and
classes

impacts

CPSC, Consumer Product Safety Commission; ECHA, European Chemicals Agency; EDC, endocrine-disrupting chemical; EFSA, European Food Safety Authority; EPA, Environmental Protection
Agency; PFASs, perfluoroalkyl substances; REACH, Registration, Evaluation, Authorisation and Restriction of Chemicals.

they could be as they are more likely to miss chemicals that influence
these outcomesthroughlessappreciated pathways. Nevertheless, these
approaches can potentially be used to map novel pathways that might
have contributory roles in specific health outcomes and could provide
anewregulatory approach to chemical screening.

Making screening for endocrine disruption mandatory for new
chemicals. Regulatory bodies need policies to protect the food sup-
ply by mandating screening for EDC properties in new chemicals that
are due to be used as food ingredients or in food contact materials
(Table4). Unlike the EPA, the FDA has no mandate to identify and regu-
late EDCs. Generally, the FDA has yet to recommend standard screening
tests for substances directly added to food or for chemicals used infood
packaging or processing equipment that are transferred into foods.
The FDA authorized the use of perchlorate in food packaging®, has
voiced concern about® the latest risk assessment by the European Food
Safety Authority (EFSA)*° recommending reductionsin the safe levels
of BPAby afactor of20,000 (thetolerable daily intake was updated to
0.2 ng/kg per day from 4,000 ng/kg per day) owing toimmunological
and endocrine-related toxicity, and continues to allow phthalates in
food packaging without migration limits (thatis, limits on the amount
of a particular substance that can ‘migrate’ from the packaging into
the food). Additionally, the FDA has allowed ingredients such as soy

isoflavone extracts” and resveratrol*® to be added to foods without
consideration of their EDC properties. Without its own standard screen-
ing procedures or coordination with international bodies that screen
and test chemicals, the FDA is unable to ascertain EDC properties or
their adverse effects on human health.

In the USA, at least, policies are needed to require the FDA to
include in its guidance for industry a battery of in silico and in vitro
screening tests looking at the potential effects of new chemicals on
pathways involving oestrogen, androgen, thyroid, insulin, prolactin,
glucocorticoids, leptinand others. Furthermore, endocrine disruption
testing should be made mandatory for new food contact substances
(such as those used in packaging or processing equipment) and new
ingredients.

The FDA should follow its own safety regulation demanding that
food chemicals affecting the same endocrine functions be assessed for
their cumulative effects (see later discussion on cumulative effects).
In 1959, the FDA established a framework on how to set acceptable
daily intakes and/or safe doses of food chemicals and codified it as a
ruleinthe Code of Federal Regulation at 21 CFR170.18. Inshort, therule
states, first, that chemicals causing similar or related toxic effects will
be treated as a class, having additive toxic effects, and will be consid-
eredrelated chemicals; and, second, that when two or more chemicals
from the same class are present in food, the acceptable daily intake
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and/or safe dose for the class will correspond to that of the chemical
with the lowest safe dose. This rule applies to all chemicals, regard-
less of whether or not they are endocrine disruptors. Unfortunately,
in areview of almost 900 chemical safety assessments carried out by
the FDA, in only 1 assessment did a food manufacturer consider the
cumulative effect legal requirement in a meaningful way*.

Coordination of government agencies. Because chemicals areregu-
lated by agencies on the basis of their use, a certain chemical can be
restricted by one agency but allowed by another® and, thus, a chemi-
calknownto be hazardous in toys or personal care products might be
used without restriction in food ingredients or food packaging. For
example, inthe USA, the Consumer Product Safety Improvement Act of
2013 excluded the use of five phthalates from toys due to concerns over
health hazards associated with exposure to these chemicals, yet the
use of several of these phthalatesin contact withfood has notyetbeen
restricted by the FDA. As discussed earlier, this failure to harmonize
decision-making across agencies is not unique to the USA: estimates
show that there are almost 400 chemicals, including EDCs like BPA,
thatare considered substances of very high concernaccording to the
EU REACH regulation but that are still authorized in the manufacture
of food contact materials®.

Although agencies tasked with regulating chemicals have specific
mandates (for example, the EPA is tasked with environmental protec-
tionissues and does not regulate chemicals used infood), frameworks
tofacilitate harmonization between agencies within nationsandinter-
nationally across nations should be essential. When one regulatory
body evaluates the available scientific evidence and determines that
achemicalisan EDC, this determination should be appropriately con-
sidered and accepted by all other regulatory agencies®’. The exposure
toaparticular chemical, and therefore the associated health risk, might
differ according to different agencies based onitsuse and, thus, onthe
corresponding pathways of exposure, yet the biological outcome — that
is, endocrine disruption — does not change.

Challenges for effective regulation of,

Exposure to EDCs i
and/or protection from, EDCs

More than 10 years ago, experts advised that regulatory bodies
should no longer require years-long animal studies to conclude that
environmental chemicals are hazardous; rather, for many health out-
comes, thereis sufficient knowledge about how diseases develop and
progress, and therefore effects occurring ‘upstream’ of the disease
itself should be considered sufficient evidence for risk assessment
and regulation®. Studies of EDCs, such as BPA, have highlighted how
risk assessments conducted by human-run government agencies can
review the same scientific dataand yet draw very different conclusions
about whether specific outcomes (for example, proliferation in the
mammary gland, immune dysfunction and metabolic diseases) are
indicative of harmful effects®. Aharmonized approach would help to
address the challenge of delineating and defining adverse outcomes.

Challenge #2: considering the non-linear and non-monotonic
properties of EDCs
The importance of the relationship between a quantitative measure
of exposure to a toxicant and the resulting effect on a biological out-
come, the so-called dose-response, has been recognized for several
centuries. In fact, it is widely considered a principle of toxicology
that ‘the dose makes the poison’: that is, the level of exposure is what
predicts the extent of harm. This concept was first articulated by the
sixteenth-century Swiss physician Paracelsus, but his actual words
were, “Solely the dose determines thatathingis nota poison.” Based on
the words of Paracelsus, the adage that the dose is what determines the
level of harm has been extrapolated to assume that harm will be seen at
high doses but that there exist lower levels of exposure at which harm
doesnotoccur. This erroneous assumption hasbecome the foundation
of toxicological science and the default in regulatory toxicology.
Studies of EDCs have revealed the flaws in using this paradigm
to frame regulation, with strong scientific evidence suggesting that
non-linear and even non-monotonic responses (in which the responses
at high doses are the opposite of what is expected from the responses
observed at lower doses) occur in response to human exposure to

Outcomes

Neurodevelopmental
effects

e Pesticides

e Oil and gas

e Contaminated food and
food packaging

o Latent effects
» Mixtures and cumulative effects

» Defining, identifying and prioritizing EDCs
o Non-linear and non-monotonic responses

o Industrial operations
e Cosmetic products

V
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Fig.1|Meeting policy challenges to protect the public from EDC exposure. Endocrine-disrupting chemicals (EDCs) have harmful effects on human health through
their effects on the endocrine system. EDC regulations face key challenges that require science-based policy solutions to protect the public from their harmful effects.
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Table 4 | Examples of EDCs commonly found in food

EDC? Function and use Exposure pathway
Production Packaging Preservative

Phthalates Yes Yes Not commonly used Migration into food during processing and storage (plastic tubing,
conveyor belts, paper cardboard)

Bisphenols Yes Yes Not commonly used Migration into food from epoxy resin coating of canned foods,
polycarbonate plastic

PFASs Not commonly used Yes Not commonly used Migration into food from grease-resistant paper, fluorinated plastics,
contaminated fish or poultry

Nitrates Not commonly used Not commonly used  Yes Added to meats as a preservative

EDC, endocrine-disrupting chemical; PFASs, perfluoroalkyl substances. “Representative examples, see the Food Packaging Forum for a systematic database.

EDCs®. When non-monotonic dose responses are observed, the effects
that occur at high doses cannot be extrapolated from the results of
low-dose studies, and vice versa®. For example, pregnant mice showed
increasing serum levels of testosterone when di-2-ethylhexyl phthalate
was administered atincreasing doses of 0.5,10r 5 ng/kg per day but not
when administered at 500, 50,000 or 500,000 pg/kg per day, creating
aninverted U-shaped relationship between dose and effect®. Similarly,
epidemiology studies have evaluated the relationship between expo-
sure to persistent organic pollutants and the risk of type 2 diabetes
mellitus: individuals in sextiles 2 and 3 had higher odds of developing
the disease compared with those in sextile 1, but the odds ratios in
sextiles4,5and 6 (corresponding toincreasing exposure to persistent
organic pollutants) were similar to the lowest exposed, again forming
aninverted U-shapedrelationship between exposure level and disease
risk®. Similar non-monotonic dose-response relationships have been
described forlead®®, methylmercury®, organophosphate pesticides™”,
PFASs”>and polybrominated diphenyl ethers”>”*, among many others.

Solutions to Challenge #2

Applying a no-threshold approach in regulations and enforce-
ment. Regulatory bodies routinely evaluate the available scientific
evidencetoapply two approaches to determine ‘safe’ levels of human
exposure to chemicals: the first approach involves identifying a dose
at which no adverse effects are observed, whereas the second uses a
no-threshold model.

In the first approach, which is most frequently used for toxic
chemicals, adoseisidentified at which no adverse effects are observed
in animals exposed to the chemical. This so-called no-observed-
adverse-effect level (NOAEL) is then typically adjusted to account for
uncertainties and variability in response to environmental exposures
(for example, extrapolations from rodents to humans, increased sus-
ceptibility during specific stages of life, exposure to non-chemical
stressors, and so on)”. Once the NOAEL considers these factors, the
‘safe’ dose is thus determined (often referred to as the Tolerable Daily
Intake, Acceptable Daily Intake or Reference Dose, depending on the
regulatory agency). Using this approach, the NOAEL is assumed to
representatrue ‘threshold’ —thatis, an empirically identified dose at
(or below) which no adverse effects truly exist. However, as noted by
endocrinology experts, there is no evidence that EDCs have a threshold
and, thus, the methods necessary to demonstrate atrue threshold are
not applicable’. Rather, because EDCs act on a ‘biologically active
background’, where hormones are naturally already having an effect,
aquantifiable threshold is not likely to exist for EDCs. For this reason,
regulatory agencies should adopt the second approach, which assumes
that no such threshold exists, and instead use calculations similar to

the ‘linear no-threshold’model used to evaluate the carcinogenic risk
associated with increasing doses of ionizing radiation. This approach
takesintoaccountthatthereis nosafe level of exposure because even
minute quantities of EDCs might disrupt endocrine processes.

Through these approaches to determine safe levels of human expo-
sures, regulatory bodies can generate health advisories or technical
guidance on how a pollutant can be measured and provide information
abouttechnologies available to remediate contamination. Currently,
unless a chemical is specifically regulated as a contaminant, health
advisories are considered non-enforceable and non-regulatory. There
are several examples where government agencies have determined that
environmental chemicals pose asignificant health risk to the public at
any exposure level given their non-linear or non-monotonic properties
butthese advisories remain non-enforceable and non-regulatory. For
example, in 2022, the EPA updated its health advisory levels for sev-
eral PFASs in drinking water, including PFOA (lowered from 70 parts
per thousand (ppt) to 0.004 ppt) and PFOS (lowered from 70 ppt to
0.020 ppt), and acknowledged at the time that these advisories set
the ‘safe’levelsin drinking water below its ability to measure them. Yet,
withoutadditional regulations, these health advisories lack substance,
soeven communities with serious PFAS contaminationin their drinking
water have limited recourse to pursue clean-up efforts.

Using hazard-based instead of risk-based approaches for EDCs.
When using risk-based approaches, chemicals are first evaluated to
determine what kind of hazard they pose (for example, is the chemical
a carcinogen, does it have toxic effects on the reproductive or meta-
bolic system, or does it have adverse neurodevelopmental effects?)
and at which doses those hazards are observed. The doses at which
harm occurs are then compared to the (known or estimated) human
exposuresand, if a sufficient margin exists between these doses, norisk
management steps need tobe taken. If, instead, the doses at whichharm
occursoverlap with, or are higher than, the anticipated exposure levels,
steps arerequired to take control of human exposure and reduce risks.

However, in some circumstances, identifying achemical as posing
alegally unacceptable hazard s sufficient toinvoke restrictions onits
use.Forexample, under the EU REACH regulation, chemicalsinthe EU
thatare identified as carcinogenic, mutagenic or toxic to reproduction
(also called CMR chemicals) are restricted in use; similarly, EU Regula-
tion 1223/2009 restricts the use of CMR chemicals in cosmetics and
EU regulation 1107/2009 restricts the use of CMR chemicals in plant
protection products; EU regulation 528/2012 calls for the substitution
of chemicalsinbiocidesifthey have ‘certainintrinsic hazardous prop-
erties’. As discussed above, REACH requires that EDCs be targeted for
replacement with safer alternatives. Similarly, associations between
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EDCssuch as PFASs and metabolic derangement, such asinsulin resist-
ance, have triggered regulations by the EPA stating that there is no safe
level of PFAS exposure””. Thisregulationis a hazard-based rather than
arisk-based approach, occurring regardless of exposure estimates or
use of the chemicals.

Challenge #3: EDC exposure and latent effects

Akey function of the endocrine system s to regulate human develop-
ment, and exposure to EDCs during susceptible periods of human
development can therefore resultin serious consequences later onin
life. These ‘critical windows of exposure’ are periods of time that are
exquisitely sensitive to developmental disruption by environmental
toxicants®’. The periods of embryonic, fetal and perinatal develop-
mentare well described; developmental disruption by environmental
contaminants is most likely during these windows and particularly well
characterized for diverse health outcomes. In one well-documented
example, studies of children who were born during the Dutch Hunger
Winter 0f1944-1945 demonstrated adverse long-term metabolic health
outcomes following gestational exposure to famine; individuals who
were exposed early in gestation were disproportionately more likely
than those exposed in late gestation to be affected by increased adi-
posity, diabetes mellitus and other metabolic diseases” . Studies
applying a life-course approach have shown that exposure to EDCs
during pregnancy is associated with future metabolic, reproductive
or neurodevelopmental impairment® (Table 2). Adverse metabolic
health outcomes following developmental exposure during embryonic,
fetal and perinatal windows have since been robustly demonstrated
for diverse environmental contaminants and mixtures®®, providing
support for theideathat humans are highly susceptible to exposure to
environmental contaminants during these windows. Studies of other
outcomes, suchasbreast development, indicate that additional periods
of development, including puberty and pregnancy and/or lactation,
arealso sensitive to environmental disruption; exposure to EDCs dur-
ing these periods can have effects that manifest years or decades later

such as anincreased risk of breast disease”®.

Solutions to Challenge #3

Requirement for evidence of safety in vulnerable stages of develop-
ment prior to the use of new chemicals. The disastrous consequences
ofthe use of diethylstilbestrol and brominated flame retardants serve
as a crucial reminder of the need for premarket testing to protect
vulnerable subpopulations. To assess these periods of extreme sen-
sitivity, testing guidelines must incorporate exposure occurring
during critical windows” (for example, gestation, early neonatal life,
pubertal development, and so on) to provide confidence that adverse
effects on human health will not be observed for the most vulnerable
populations. On assessing chemicals that are directly added to food,
researchers have found that only ~-1in 5 has evidence estimating safe
levels of exposure and fewer than 1in 10 has reproductive or devel-
opmental toxicity data reported in the FDA database®. Premarket
testing should evaluate not only the effects of prenatal and infant
exposure on child health but also on the potential consequences of
diseases that manifest in adulthood, including ageing. Testing guide-
lines that rely on short-latency effects for decision-making do not
reflect the well-established developmental origins of the health and
disease paradigm.

Limiting the use of existing chemicals in the presence of partial but
concerning information. The precautionary principleis an approach

thatemphasizes caution and prudence when extensive scientific knowl-
edgeisstillindevelopment. This approachis consistently acceptedin
environmental policy, adopted at the Bremen Declarationin1984, the
London Declarationin1987 and the Hague Declarationin1990 (ref. 92).
Itis furtherarticulated in the Wingspread statement® but often miscon-
strued with the converse logic to argue that action should be taken in
the absence of any identified hazard. Frequently, the argumentis made
that products cannot be constructed without a particular chemical of
concernowing to thelack of safer alternatives. The social costs of safer
alternatives are also inflated in these scenarios because the need for
safer alternatives creates amarket for innovationin the development
of lower-cost and safer materials. The benefits of proactive protection
are often minimized or discounted because the consequences might be
delayed, sometimes farinto the future. The reality is that proactive pre-
vention of lead (in the form of its phasing out) from gasoline and paint
continues to produce an estimated 4% increase (US$ 2.4 trillion) in GDP
annually®®, exemplifying the large societal benefits of this approach.
Regulatory ‘issues’ (for example, when regulation transpires not to
be needed in the light of subsequent information that suggests the
safety of achemical) canalso be reversed, whereas the consequences
of inaction upon health cannot.

Challenge #4: current testing paradigms do not reflect
‘real-world’ exposure

Mixtures. The disease burdenand high costs (Tables 1and 2) associated
with individual EDCs represent only a narrow subset of the broader
implications of EDCs for human health. Chemical mixtures, or com-
pounds made up of two or more chemical components that are not
necessarily chemically linked, can produce cumulative effects greater
than those predicted by their individual constituent chemicals alone
in both in vitro and in vivo models** %, Combinations of chemicals at
doses or concentrations that alone have low or no activity, for exam-
ple, can produce additive or synergistic effects and/or can modulate
the effects of background hormone activity”*”. Increasing research
has also begun to evaluate the effects of chemical mixtures, and the
adverse effects of more complex mixtures are being detected®*'°°,
but >80% of mixture studies still currently focus on small, technically
simple mixtures of two or three similar components'”. Although these
early studies involving chemical mixtures are informative, the mixtures
studied lack environmental relevance, especially as biomonitoring
studies continue to report routine human exposure to hundreds or
thousands of chemicals'**'®®, thus highlighting the need to design stud-
ies that examine the effects of realistic chemical mixture exposures.
The EFSA has described a risk assessment framework to approach
chemical mixtures as well as their individual components, demonstrat-
ing how approaches to assess the risk of chemical mixtures could be
harmonized'*.

For the most part, agencies continue to develop regulatory and
policy activities on achemical-by-chemical basis®’. This approachis not
only inefficient but likely to underestimate the risk to human health.
In addition to the critical data gaps concerning mixtures relative to
individual chemicals, several other issues exist. Individual chemicals
or mixtures at varying concentrations can directly disrupt multiple
hormonereceptorstoinduce observable clinical outcomes. However,
interactions that occur between chemicals and other receptors might
subsequently influence the levels of the chemical: for example, the
interaction ofan EDC withthe arylhydrocarbonreceptor canactivate
cytochrome P450 enzymes, triggering changes in the metabolism of
the EDC and subsequent exposure levels''’, Furthermore, similar
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indirect interactions might be responsible for generating certain
metabolites from EDCs, causing mixtures of inactive chemicals to
become active in response to co-exposure to other chemicals: for
example, the induction of cytochrome P450 by the polychlorinated
biphenyl 126 activates polychlorinated biphenyls 105 and/or 118 to
form a compound that functions as an agonist of thyroid hormone
receptor'®.Inaddition, asystematic review of mixture studies reported
that potential additivity of mixture components was more common
with more complex mixtures than with less complex mixtures'”,
which is mirrored by numerous studies that have reported additivity
orsynergismacross diverseinvitro and in vivo study designs'®*"?and
also across epidemiology studies*'*°. Heterogeneity is also a major
challenge as each mixture is likely to be unique, with every individual
being exposed to a distinct assortment of macroenvironments and
microenvironments (distinct sets of consumer productsintheirhome
environment) throughout their lifetime.

There have been few attempts to regulate chemical mixtures to
limit human exposure. In 2018, the EFSA and European Chemicals
Agency (ECHA) published guidelines proposing steps for identifying
EDCsin pesticides”'?, either individually or inamixture'”, although
little has been accomplished with regard to mixtures. Since then, the
European Commission has dampened its resolve to regulate mix-
tures by asserting that it is ‘not realistic nor economically feasible
to specifically assess and regulate an almost infinite number of pos-
sible combinations of chemicals™*. Inthe USA, vague or complicated
definitions and exemptions have hindered the evaluation of mixtures
through the Toxic Substance Control Act'”. Despite these difficulties,
however, there are a few prime examples of regulatory decisions on
groups of chemicals both in the USA by the EPA™?%, Consumer Product
Safety Commission and FDA, and in the EU by the EFSA and ECHA,
asdiscussed later.

Cumulative effects. Ongoing exposure to the same chemical or several
different chemicals might result in the accumulation of toxic effectsin
the same organ, thereby increasing functional damage to the organ and
resultinginits eventual failure. For example, perchlorate and nitrate are
EDCsthat disrupt the function of the thyroid gland and share the same
mechanism of toxicity: inhibition of the iodine-sodium symporter**.
Both chemicals are commonly found in foods and drinking water,
thus providing ample opportunity for human exposure. Other EDCs
known to interfere with thyroid function include thiocyanate, a food
additive also present in cigarette smoke, BPA and some phthalates,
with multiple exposure pathways (Table 1). Current regulations in
both the USA and EU have taken into account safe levels of exposure
for specific endpoints of concern such as neurotoxicity. However,
the cumulative effect of EDCs through various exposure pathways
onthe thyroid is unknown'”’.

Regulatory bodies face similar challengesin trying to adequately
protect the public from exposure to the cumulative effects of EDCs
as they do for mixtures of chemicals. However, regulatory bodies
have information available to them that would enable chemicals to
be grouped according to their similar effects on health to enable effi-
cient regulation. Regulatory bodies with current mandates to assess
the cumulative effects of EDCs have taken different approaches to
group chemicals. For instance, the EPA mandate to address cumula-
tive effects has been narrowly defined in the law; the agency is able to
group pesticides that share the same molecular toxicity pathway (for
example, organophosphate pesticides), and therefore regulation can
be efficiently applied to EDCs with similar toxicity. Other agencies,

including the EFSA and the Consumer Product Safety Commission
(CPSC), have instead focused on a common health outcome (such
as phthalates and male developmental toxicity) or acommon target
organor system (such as pesticides and the nervous system or thyroid
gland). Although there are numerous reasonable methods to group
chemicalsto assess their cumulative effects, regulatory bodies have a
responsibility to utilize all the available information to avoid putting
public health at unnecessary risk.

Solutions to Challenge #4

Regulating chemicals as a class. Class regulation, or regulating chem-
icals by group, has multiple benefits, which are likely to lead to improve-
mentsin environmental and human health. First, by reducing the high
use of financial and humanresources needed to regulate chemicals on
aone-by-onebasis, efficiencyisincreased. Second, health protectionis
enhanced by reducing opportunities to assume that chemicals with no
dataposenorisk. Third, thereal-life risk can be estimated by consider-
ing the cumulative healthimpacts of multiple chemicals and mixtures.
Fourth, the risk of introducing regrettable substitutions (Box 2) by
extrapolating information from data-rich to data-poor chemicals is
reducedifthe chemicals are in the same class. Finally, the monitoring
of environmental and human exposures is facilitated.

Inthe USA, the FDA has alegal obligation'*® to consider chemicals
as a class when they trigger similar or related toxic effects, and to
assume that chemicals have additive effects unless there is evidence
to the contrary. The regulation of PFASs as a class represents one of
the few but promising examples of effective class regulation and can

Box 2

Regrettable substitutes

Regrettable substitutes are chemicals that can perform a similar
function but that have not been adequately assessed for their
endocrine-disrupting properties. They tend to emerge when
chemicals are not regulated as classes. Important examples
include:
e Bisphenol S replacing bisphenol A in plastic products
¢ Diisononylphthalate, diisodecyl phthalate and 1,2-cyclohexane
dicarboxylic acid diisononyl ester replacing di-2-ethylhexyl
phthalate in food packaging'®
¢ Short-chain perfluoroalkyl substances replacing their long-chain
counterparts in food packaging™®

152-157

Regrettable substitutes have hindered several attempts to
improve public health by allowing chemicals that are equally
problematic, and for which we have less understanding of their
toxicity than their original counterparts, to enter the market.
Furthermore, regrettable substitutes trigger additional mixture
concerns as problematic chemicals are slowly being phased
out while problematic alternatives are introduced, resulting in
co-exposure. Implementing replacements should require testing
to assess whether the replacement chemical has a favourable
toxicological profile relative to the one it is replacing, particularly
when the substituted chemicals are minor variations of the
chemical being replaced.
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serve as amodel for other mixtures and cumulative exposure.In 2016,
the FDA banned three types of complex long-chain PFAS because they
were unsafe for human exposure. In its assessment, the FDA defined
the long-chain class' as chemical perfluorinated alkyl chains with
at least eight carbons and assumed that members of the class with-
out data would show the same toxicity as those with data, namely
PFOA.Inanother example of class regulation, in2019, the FDA defined
short-chain PFASs™ as chemicals with seven or fewer carbons in an
alkyl chain (n-1 carbons are perfluorinated); in an agreement with
three chemical manufacturers, the FDA secured the phase-out of a
subset of short-chain PFASs, namely 6:2 fluorotelomer alcohols™.
In 2023, the ECHA published its PFASs restriction proposal, which
evaluates PFASs asagroup of chemicals toincorporate the evaluation
of exposure to mixtures, rather than individual compounds, into the
risk analysis'”,

TheEPAisalso mandatedto carry out acumulative risk assessment
for pesticides grouped by shared molecular mechanisms of toxicity but
has set this definition so narrowly that only a few groups of chemicals
or pesticides have been assessed'”. In the Consumer Product Safety
Improvement Act of 2008, Congress asked the CPSC to review the
safety of phthalates. The CPSC performed a cumulative risk assess-
ment for phthalates based on toxicity to male development, a com-
mon health outcome; consequently, to date, eight anti-androgenic
phthalates that are likely to be toxic to male development have been
excluded from the manufacture of toys and other articles™.

In 2017, a petition from consumer groups requested the CPSC to
apply class regulation to group and ban organohalogen flame retard-
antsasa class of toxic chemicals. The Commission sought expert advice
from the National Academies of Sciences, Engineering, and Medicine,
which determined that the CPSC could not regulate these chemicals
asasingle class but, rather, thatit should regulate them as several sub-
classes based onscientific evidence, outlining 14 subclasses according
to chemical structure, physicochemical properties and anticipated
biological activity**. A subsequent 2020 CPSC report detailed the
next steps in addressing the diversity of organohalogen flame retard-
ants: the establishment of procedures for class-based risk assessment;
refinement of the chemicals and analogues for subclasses; identifica-
tion of data sources; and determination of the available toxicity, chemi-
cal use and exposure information'. This process is ongoing and will
inform future efforts for class and subclass regulation®®.

Testing and biomonitoring. Given the increased reliance on, and deep
investmentin, high-throughputinvitro screening programmes, these
mechanistic assays are likely to be the best starting point for the evalu-
ation of mixture effects for regulatory purposes. Testing programmes
overall should include mixtures of chemicals with similar mechanisms
of action to identify potential additive and/or synergistic effects, as
well as complex mixtures extracted from materials (food packag-
ing, electronics), household products (carpets, furniture) and other
commercial products such as pesticides (currently, ‘active’ ingredients
areexaminedinisolation, whereas the chemical mixtures that users are
actually exposed to are never directly examined). If chemicals have
been demonstrated to display additive and/or synergistic effects,
this finding should trigger requirements for the consideration of
co-exposure in the risk assessments for any chemical use. Finally,
to adequately protect humans from harmful EDC exposure, health
assessments should account for real-world mixture and cumulative
exposures, particularly for exposure to chemicals acting through
similar mechanisms of action’**'¥,

Biomonitoringin wildlife and in humans not only reveals real-life
exposures to mixtures but canalso help us to predict potential compli-
cations and consequences*‘. For example, although polybrominated
diphenylethers, previously used as flame retardantsin furniture, elec-
tronics and textiles, have been phased out worldwide and banned
in the EU, biomonitoring studies have been able to show that these
EDCs are still present not only in wildlife but also in human blood and
breastmilk**"%,

The need for partners in policy interventions
Integrating EDC exposure prevention into clinical care

A comprehensive approach to minimizing or preventing EDC expo-
sure would be incomplete in the absence of engagement with health
practitioners and clinicians. The health-care systemis a platform with
ripe opportunities to implement clinical screening for EDCs as well
as to mitigate exposure to EDCs unintentionally delivered during the
course of medical care.

Screening programmes for lead have demonstrated how it is pos-
sible to abate environmental hazard exposure in millions of homes,
decreaselead levels and subsequently reduce adverse health effects on
apopulationlevel™. The National Academies of Sciences, Engineering,
and Medicinereleased areportin 2022 recommending that clinicians
offer screening for PFAS exposure to individuals who are likely to have
beenexposedtoelevated levels through their occupation or fromliving
in communities with documented or likely contamination'°. Citing
evidence of adverse immunological, metabolic, developmental and
renal effects in response to PFAS exposure, this report aims to shape
Centers for Disease Control and Prevention clinical guidelines and sup-
portclinicians with strategies for the interpretation of screening results
in special populations (for example, pregnant people), decreasing
current exposures and screening for relevant health sequelae'*’.

Common medical supplies, equipment and devices, such as
syringes, blood tubes, venous catheters and intravenous fluid, repre-
sent potential exposure sources to multiple classes of EDCs'. Given
that substances in the USA and, until a few years ago, in the EU were
not regulated based on their EDC potential, the medical system and
community do not have access to transparent information about sub-
stances present in medications and medical equipment'**. Decreasing
the medical sources of EDCsis contingent upon policy regulation and
education efforts with health practitioners who advocate for acces-
sibleinformation about the full chemical content of medications and
medical equipment.

Addressing EDCs in global policy and climate policy
frameworks

Many EDCs are manufactured from fossil fuels, linking their fates with
global climate considerations. Natural gasis amajor source of ethane
and propane, which can be cracked to make monomers and then polym-
erized into plastics and other substances with EDC properties'*. If
we avoid addressing climate change by persisting in our use of fossil
fuel-derived chemicals, scientific reports hint that cases of disease
and disability owing to EDCs will increase. Scientists have already
documented examples of how climate change has induced biological
changes through endocrine disruption, affecting sex determination
and population decline in wildlife***'*,

EDCsalso contribute to two substantial societal challenges, both
of which intersect with climate change: plastic pollution and biodi-
versity loss'*. The United Nations is actively leading negotiations to
address both challenges. However, we have witnessed efforts to limit
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the scope of these discussions only to the environmental effects that
areimmediately visible, such as ocean plastic, despite the substantial
health effects associated with both challenges. As the planet warms,
environmental disasters are becoming more common than they pre-
viously were, water insecurity is increasing and infectious conditions
suchas Dengue are spreading to new territories'*’. Phthalates, bisphe-
nols and PFASs are widely detectible in low-income and high-income
countries at levels known to contribute to disease. Pesticides reduce
biodiversity, which s crucial to the food supply'*.

Ofthe current UN processes proposed to address these challenges,
climate change negotiations are the most evolved and advanced but
are a case study of the failure of voluntary commitments. The global
addiction to petrochemical production and consumption has pre-
vented governments from meeting targets set with much fanfare and
produced ascenario in which global warming exceeding a threshold of
1.5°Cisinevitable'. Global plastics treaty negotiations at their early
stages are following a similar pattern, in which the High Ambition
Coalitionisfocused on circular economy approaches that emphasize
recycling. The fatal flaw in this approach is that technologies and sys-
tems are maladapted torecycle plastic evenin high-income countries,
with cumulative plastic recycling rates remaining below 10%*%. How-
ever, and perhaps even more important for human health, recycled
plastics have been shown to have greater metal and organic chemical
contamination than virgin materials'’. Nevertheless, some govern-
ments publicly denied the health effects of chemicals used in plastics
atthefirst meeting of the Intergovernmental Negotiation Committee
on Plastic Pollutionin Uruguay.

The financial disincentives to follow the science and prevent dis-
easeresulting from toxic chemicals have long been powerful. Manufac-
tured doubtisreal and has delayed progress to prevent lead exposure,
reduce cigarette smoking and combat climate change. We have wit-
nessed industry-affiliated scientists on a WHO panel shape a report
onthe health effects of PFASs that is antiquated at bestin comparison
to USA and European regulatory reviews. Peer review of science has
been compromised with the emergence of industry-funded journals
and a lack of intention to report conflicts of interest. An intergovern-
mental agency that addresses the effects of EDCs on human health
modelled on the WHO International Agency for Research in Cancer
has been called for*°. To complement this approach as a longer-term
solution, the Basel, Rotterdam and Stockholm conventions could
includeabroaderarray of EDCs. Of note, the treaties are only as strong
asthe countries that ratify them (for example, the USA has not ratified
these agreements). The inclusion of PFOA (in the Stockholm conven-
tion) is a small step forward, but sufficient toxicology evidence has
accumulated to include PFASs as a class. Similarly, the inclusion of
non-persistent compounds, such as phthalates and bisphenols, can
supportimplementation of the global plastics treaty.

Conclusions

Inthis Review, we have outlined the public healthand economic costs
of anthropogenic EDCs to provide context for a set of science-based
policy actions to manage, minimize or eliminate the widespread use
of EDCs. The examples given focus almost exclusively on the USA and
EU, whose governments have had the most experience in developing
regulations to address EDCs. Poorly defined or unenforced policies
increase global human exposure to EDCs; consequently, regulatory
bodies are encouraged to operationalize a consistent definition. The
non-linear and/or non-monotonic properties of EDCs challenge cur-
rent risk-based paradigms, which do not currently consider these

properties. To account for real-world exposures and effects, policies
should also consider mixtures and cumulative exposures as well as
latent exposure effects on the human life course. Given that many EDCs
are manufactured from fossil fuels, future research and policy direc-
tions are likely to link the use of EDCs to our understanding of climate
change, the grand societal challenge of this generation.
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