Series

Endocrine-disrupting chemicals 2
Endocrine-disrupting chemicals: economic, regulatory,
and policy implications
Christopher D Kassotis, Laura N Vandenberg, Barbara A Demeneix, Miquel Porta, Remy Slama, Leonardo Trasande

Endocrine-disrupting chemicals (EDCs) substantially cost society as a result of increases in disease and disability
but—unlike other toxicant classes such as carcinogens—have yet to be codified into regulations as a hazard category.
This Series paper examines economic, regulatory, and policy approaches to limit human EDC exposures and describes
potential improvements. In the EU, general principles for EDCs call for minimisation of human exposure, identification
as substances of very high concern, and ban on use in pesticides. In the USA, screening and testing programmes are
focused on oestrogenic EDCs exclusively, and regulation is strictly risk-based. Minimisation of human exposure is
unlikely without a clear overarching definition for EDCs and relevant pre-marketing test requirements. We call for a
multifaceted international programme (eg, modelled on the International Agency for Research in Cancer) to address
the effects of EDCs on human health—an approach that would proactively identify hazards for subsequent regulation.

Introduction
Endocrine-disrupting chemicals (EDCs) are chemicals
capable of interfering with hormone action and which
thereby contribute to disease and disability across the
lifespan.1–5 EDCs are found in food and food packaging,
water, personal care products, household goods, deter
gents, fabrics and upholstery, electronics, medical
equipment,6–9 pesticides,1 and ambient air (table 1).10
Although many pharmaceuticals are designed to target
the endocrine system to promote therapeutic benefits, the
release of these drugs into waterways and sewage sludge
allows them to contaminate the environment,11–14 also
potentially leading to endocrine disruption.15,16
In this Series paper, we examine the approaches that
have been taken to quantify economic costs of EDC
exposures, describe the regulatory approaches applied to
EDCs to date, particularly in the USA and the EU, and
detail the strengths and weaknesses of these regulations,
showing where consideration of health and economic
costs could improve regulations. Finally, we make policy
recommendations for the development of methods to
identify EDCs, prescribe specific steps to evaluate and
restrict exposures, and call for a multifaceted and
international programme to harmonise ident
i
fication,
characterisation, and regulation of EDCs in a global
context.

Economic implications of EDC exposures
Estimates of the burden of disease and disability, and the
costs of environmentally attributable disease, have
proven extremely useful to translate findings and inform
policy making. These costs are grounded in rigorous
methodology first described by the US National Academy
of Sciences17 and leveraged to document the potential
economic benefits of policy actions (eg, the phase-out of
leaded gasoline, with annual benefits of US$110 billion
to 319 billion in the USA18 and $2·4 trillion globally19)
when only increases in productivity are counted.
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The Global Burden of Disease project uses an approach
that calculates disability-adjusted life-year (DALY),20
where valuations of $50 000 per DALY are used to
calculate the costs21 of clinically significant morbidities
such as intellectual disability. DALY estimates currently
generated by WHO22 and Institute for Health Metrics and
Evaluation23 might not be sufficient to evaluate EDCs,
which can adversely affect the intellectual capacity of
individuals within the normal range of functioning; even
decreases in intellectual quotient (IQ) within the normal
range are associated with decreased lifetime economic
productivity.24 Economic evaluations relying solely on
DALY estimates produce a 200-fold divergence from
estimates taking IQ changes into account.25
Over the last several years, a series of economic
evaluations estimated the burden and disease costs of
EDCs on a range of outcomes including neurobehavioural
deficits and diseases, male reproductive disorders, obesity
and diabetes, and female reproductive disorders.26–29 The
economic burdens (€163 in the EU and $340 billion in
the USA, annually) derived from these approaches are
Representative EDCs
Pharmaceuticals

Trenbolone acetate, ethinylestradiol,
dexamethasone, levonorgestrel, rosiglitazone

Cosmetics, personal care
products

DBP, benzophenones, parabens, triclosan,
DEET

Pesticides, herbicides,
fungicides

Chlorpyrifos, glyphosate, pyraclostrobin,
DDT, atrazine

Industrial chemicals

BPA, PCBs, triphenyl phosphate, PBDEs

Metals

Lead, cadmium, mercury, arsenic

Synthetic and naturally
occurring hormones

Progesterone, testosterone, cortisol, oestrone

Representative EDCs from diverse functional use categories. EDC=endocrinedisrupting chemical. DBP=dibutyl phthalate. DEET=N,N-diethyl-m-toluamide.
DDT=dichlorodiphenyltrichloroethane. BPA=bisphenol A. PCB=polychlorinated
biphenyl. PBDE=polybrominated diphenyl ether.
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Table 1: List of representative EDCs in use

719

Series

Correspondence to:
Prof Leonardo Trasande,
Department of Pediatrics,
New York University Grossman
School of Medicine, New York
University, New York, NY 10016,
USA
leonardo.trasande@
nyulangone.org

certain to be underestimates as they examined only a
small subset of EDCs and health outcomes likely to be
affected by EDC exposures.30–32 These data demonstrate
that improved regulations could improve citizens’ health
via reduction or elimination of exposures and result in
huge economic benefits.

Current approaches to regulate EDCs
We review the approaches used for the regulation of
EDCs in the EU and the USA, which have the most well
developed and far-reaching regulations. We also identify
regulatory approaches in other developed and indus
trialising nations and contrast approaches.

EU EDC regulations
EU regulations pertaining to chemical substances
and envir
on
mental hazards are either usage-oriented
(eg, biocidal products or cosmetics regulations) or
medium-oriented (eg, air or water protection). European
environmental policy33 embraces the precautionary
principle, which mandates that exposures should be
limited when indications of potentially dangerous effects
on the environment, human, animal, or planetary health
exist, even in the absence of scientific certainty (table 2).34,35
In 1999, the EU set in motion steps to prioritise substances
for further evaluation as EDCs, monitor EDC exposures

and effects, communicate information about EDCs to the
public, and develop and validate new testing methods.36
EU legislative instruments for consumer, health, and
environmental protection were progressively amended to
account for their EDC effects. In 2018, the EU reaffirmed
its application of the precautionary principle and aim to
minimise overall EDC exposures, with particular
attention to critical windows of development.37

Plant protection products and biocides regulation
EDCs are banned from pesticides by the 2009 Plant
Protection Products Regulation38 and the 2012 Biocidal
Products Regulation.39 The hazard-based criteria for
EDCs in pesticides are similar to the provisions regarding
carcinogens, mutagens, and reproductive toxicants
(CMRs).38,39 Following scientific debate,40,41 in 2018, the
European Food Safety Authority and the European
Chemicals Agency published a guidance document
proposing how EDCs can be identified in pesticides,
either individually or in mixtures, based on test results
from the submitting company or the scientific literature.42
To be considered an EDC, a chemical must produce an
adverse effect, alter the functions of the endocrine
system, and the adverse effect must be a biologically
plausible consequence of the endocrine mode of action.
Although these criteria are most aligned with a

Approach in the EU

Approach in the USA

Argument for change

Overarching
approach to
chemical
regulation

Largely a hazard-based approach—exposures should
be limited when indications of potentially dangerous
effects exist; no consideration of exposure

Entirely a risk-based approach—regulations must
consider both hazards of a chemical and anticipated
exposure to that chemical

Risk-based approach does not consider costs of EDCs to
chronic disease burden; fails to appropriately capture
exposure risks with long latency periods to health
outcomes

Pesticides

EDCs banned from pesticides by the 2009 Plant
Protection Products Regulation and 2012 Biocidal
Products Regulation; EDCs not permitted as active
ingredient unless human exposure is negligible;
guidance document published on how to identify EDCs
in pesticides

EPA mandated under Food Quality Protection Act
(1996) to develop screening programme to identify
oestrogenic EDCs in pesticide products; final
committee report detailed two-tiered panel of assays
for oestrogen, androgen, and thyroid-mediated effects;
only ~50 pesticides have been screened through tier 1
assays and tier 2 is not yet validated

The approach to screening recommended by the
Endocrine Disruptor Screening and Testing Committee
was mired in regulatory hurdles and is too limited in
testing only disruption of three receptors; need for
screening systems that cover all endocrine modalities
and that prevent authorisation if screening reveals EDCs

Cosmetics

Neither a general provision nor a definition regarding
EDCs; EDCs handled on a case-by-case basis and can
involve complete bans, or tolerable limits
(eg, triclosan); animal testing is not allowed for
substances used in cosmetics

Governed by the FDA Food, Drug, and Cosmetic Act;
has no specific provisions to govern EDCs; fragrance
loophole allows use of nondescript term fragrance to
be used on labels to detail a mixture of chemicals and
protect trade secrets

A definition and requirement to consider EDCs across all
sectors will vastly simplify the regulatory landscape

Medical devices

EDCs are explicitly permitted above 0·1% in parts that
come into contact with the body or bodily fluids only
in certain conditions

Governed by the FDA Food, Drug, and Cosmetic Act;
has no specific provisions to govern EDCs

A definition and requirement to consider EDCs across all
sectors will vastly simplify the regulatory landscape

Drinking water

No specific requirements for testing of EDCs, but
movement to add several EDCs to monitoring list

Safe Drinking Water Act explicitly covers oestrogenic
EDCs and allows for submission to a screening
programme if substantial populations might be
exposed

A definition and requirement to consider EDCs across all
sectors will vastly simplify the regulatory landscape;
regulations must cover more than a single receptor and
mode of action

Other sectors

Chemicals not explicitly covered in other specific
regulations are covered under REACH; EDCs are
regulated under REACH only if demonstrated to be of
equivalent concern to CMR or PBT substances;
authorisations and restrictions done under a risk-based
approach

Chemicals not explicitly covered in other specific
regulations are covered under TSCA. EDCs are not
specified; authorisations and restrictions done under a
risk-based approach

EDC-specific requirements under these overarching
agreements would allow for more transparency about
regulatory approach to these chemicals and consistent
regulations across industries to reduce complexity and
costs with standardisation

EDC regulations in the EU and the USA. Overarching approach to chemical regulation and sector or media-specific regulations and the discussion of potential avenues for improving these regulations.
EPA=Environment Protection Agency. EDC=endocrine-disrupting chemical. FDA=Food and Drug Administration. REACH=Registration, Evaluation, Authorisation, and Restriction of Chemicals.
CMR=carcinogenic, mutagenic, or toxic for reproduction. PBT=persistent, bioaccumulative, and toxic. TSCA=Toxic Substances Control Act.

Table 2: Regulatory approach differences between the EU and the USA and proposed changes

720

www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

Series

hazard-based approach, even when the criteria are met,
permission to use the pesticide can still be granted if
evidence exists that the adverse effect is irrelevant to
humans (and other non-target organisms), or if exposure
is negligible.

Registration, evaluation, authorisation, and restriction of
chemicals (REACH)
REACH is a 2006 European programme that deals with
the regulation of chemicals in the EU across multiple
sectors, but excluding active substances of plant
protection products, biocides, cosmetics, drugs, and
chemicals used in medical devices. Annex XIV of REACH
stipulates that chemicals that are CMRs, persistent,
bioaccumulative, and toxic, and substances that are very
persistent and very bioaccumulative, require approval by
the European Chemicals Agency for use regardless of the
level of human exposure. EDCs require approval by the
European Chemicals Agency if demonstrated to be of
equivalent concern to CMRs, which can only be achieved
after rather lengthy procedures. For products regulated
through REACH (including products with likely human
exposure), hazards must be identified but authorisations
and restrictions of use are decided after assessment of the
risk resulting from exposure (ie, aligned with a risk-based
rather than purely hazard-based management logic). As
of February, 2020, 205 substances were included in the
substances of very high concern (SVHC) list (16 for their
endocrine-disrupting properties) and are subject to
increased regulatory scrutiny and higher reporting
standards. 43 substances were placed in annex XIV of
REACH (two recognised as EDCs), marking the intent to
ban their use once technically and economically suitable
alternatives are available.

covered in other sectors. Despite a mandate to proactively
assess chemical safety, the EPA reviewed less than 10%
of the more than 35 000 chemicals proposed from
1979 to 200443 and actively regulated less than ten.44,45
Approximately 62 000 current-use chemicals were assumed
safe at implementation unless the EPA could provide
substantial evidence of unreasonable risk to human or
environmental health, or both.43,45 Other reasons for the
apparent failure of TSCA to successfully regulate46,47
include an overly strict standard of judicial review,46,48
insufficient toxicity information for most chemicals,46
short timeframes for review, confidential business
information provisions,49 and vague or complicated
definitions and exemptions.50
A growing appreciation of these limitations led to TSCA
reform in 2016.51 The updated legislation requires the
Country

Approach taken

Pesticides in
agriculture

EU and Brazil

Hazard-based exclusion; EU: unless the exclusion applies, unless
adverse effect irrelevant to humans (and other non-target
organisms), or exposure negligible

EDCs

Australia

Considers the European hazard-based criteria as an indicator,
triggering further evaluation in risk assessment of a chemical for
ongoing use in products

EDCs

South Korea and
Canada

Risk assessment approach identical to other synthetic chemicals

EDCs

Japan

Led some of the earliest initiatives to identify EDCs beginning in
1998, relying heavily on aquatic toxicity tests

EDC pollution

China

Part of its 13th Five-Year Plan of national environmental
protection, though the detailed approach to controlling pollution
is not made explicit

DEHP, DBP, and
BBP

USA, Canada, Israel,
Brazil, Hong Kong,
Australia, China

Banned or restricted in toys and products for children

BPA

EU, South Africa,
India, Canada, Israel,
Brazil, USA

Restrictions (EU) or bans (others) for infant baby bottles or food
contact materials intended for infants; Brazil: also ban on
importation; Sweden: ban on epoxies for household water pipes;
USA: not explicit ban, but use in baby products no longer
permitted (also further state-specific regulations)

Compound-specific and country-specific regulations
Several EDCs have specific regulations that apply in all
EU countries or in specific countries (table 3). A
paramount case is that of bisphenol A (BPA), which in
2017 was listed as an SVHC by the EU due to its
endocrine-disrupting properties. BPA was banned from
baby bottles in 2011, and later from food containers for
infants and young children; France has further banned
BPA in all food containers and Sweden has banned its
use in epoxies for household water pipes.

US EDC regulations
In the USA, the main chemical regulatory laws on food
and food additives, drugs, and cosmetics are administered
through the Food and Drug Administration (FDA) and
those on pesticides and commercial chemicals not
covered elsewhere through the Environmental Protection
Agency (EPA).

Toxic Substances Control Act (TSCA)
TSCA, as originally administered in 1976, was intended to
regulate all commercial chemical uses not explicitly
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

For REACH see https://echa.
europa.eu/regulations/reach/
understanding-reach

Nonylphenol
South Korea, Canada, Canada: substantial limits on manufacturing, use, and imports;
and ethoxylates EU
South Korea: similar, also limits on use of products containing
these chemicals; EU: production and use restrictions, both
commercial and domestic
Lindane

Banned in
50+ countries

International ban under Stockholm Convention, 2009 (USA not
signatory); still permitted as second-line medical treatment in
some countries (eg, USA)

Organohalogen
flame
retardants

USA

US Consumer Product Safety Commission proposed class ban of
PBDEs and other groups of organohalogens for all uses in
consumer products; PBDEs specifically also voluntarily phased out
by manufacturers through negotiations with EPA; PBDEs now
banned under Stockholm Convention (USA not signatory)

PFAS

USA, others

PFOS: international ban under Stockholm Convention,
2009 (USA not signatory); PFOA: recent addition with some
exemptions; USA: no specific regulations, though a health
advisory limit set for drinking water; individual states setting
limits below these EPA-mandated levels

Selected endocrine-disrupting chemical regulations in the global context. Selected EDCs chosen to span several diverse
chemical classes, and countries or regions participating in regulations for each should not be considered comprehensive.
EDC=endocrine-disrupting chemical. DEHP=di(2-ethylhexyl) phthalate. DBP=dibutyl phthalate. BBP=butylbenzyl
phthalate. PBDE=polybrominated diphenyl ethers. BPA=biosphenol A. EPA=Environmental Protection Agency.
PFAS=perfluoroalkyl and polyfluoroalkyl substances. PFOS=perfluorooctanesulfonic acid. PFOA=perfluorooctanoic acid.

Table 3: Selected chemical-specific approaches to addressing EDCs
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For Strategic Alliance for
International Chemicals
Management see http://www.
saicm.org

EPA to conduct a risk-based review of all chemicals in
commerce, prioritise chemicals to facilitate risk-based
review, consider vulnerable populations, and determine
safety before allowing marketing. Although the new
TSCA also provides authority for the EPA to regulate
chemicals, request additional safety testing, and gather
additional data as needed,48,52 endocrine disruption testing
is not mentioned. Even if such testing was required,
resources and protocols are insufficient to prioritise,
evaluate, and rigorously assess newly proposed chemicals
or those already in use. Although the EPA states that it
has completed approximately 2600 new chemical reviews
(as of February, 2020) since enactment of the revised
legislation, only eight chemicals were halted pending
more information; none have been prohibited.53 The
long-standing gaps in toxicity testing for chemicals are
unlikely to have been addressed in such a short period of
time.

Food, Drug, and Cosmetic Act (FDCA)
The FDCA of 1938 requires that manufacturers produce
food products that are safe, pure, wholesome, and labelled
without deception, giving the FDA broad regulatory
authority over products that fail to meet the requirements
of the Act.54 The Food Additives Amendment of 1958
addressed concerns applicable to food additives, but also
exempted food additives from regulation if they were
generally recognised as safe (GRAS).54,55 No requirements
exist to submit information regarding GRAS determin
ation to the FDA,56,57 and a comprehensive review of GRAS
substances initiated in the 1970s was never completed.57 A
1997 amendment established the principle of food contact
substances and set out regulatory guidance for these
chemicals, exempting materials contributing to dietary
concentrations below 0·5 µg/kg (with the exception of
likely or known carcinogens).58 These issues have
contributed to the FDA failing to reconsider the status of
any GRAS substance since 1982, and resulted in more
than 10 000 GRAS substances allowable in US food
products today.56 Notably, the FDA has no specific
requirements for EDC testing nor action following their
identification.59 As such, EDCs such as nonylphenol, BPA,
tributyltin, triclosan, and several phthalates are legally and
inten
tionally used in food contact materials. These
materials also contain polymerisation byproducts, im
purities, and breakdown compounds known as non-inten
tionally added substances, many of which migrate into
food.60

State regulatory authority
Several US states have regulations relevant to specific
EDCs (table 3). California passed Proposition 65 in 1986,
requiring the state to maintain a list of chemicals known
to cause cancer or reproductive toxicity. This regulation
requires product documentation detailing a potential
risk to consumers beyond the so-called safe levels,
although it does not specifically require listing of EDCs.
722

Despite this limitation, the Proposition has inspired new
legislation for deliberation in New York, where, if passed,
the Consumer Chemical Awareness Act would give
consumers information about consumer and personal
care products that contain a carcinogen, mutagen, EDC,
or other chemical of concern.

EDC regulations beyond the USA and the EU
EDCs have been identified as an emerging policy issue by
the UN Environment Programme (UNEP), which oversees
global policy through Strategic Alliance for International
Chemicals Management. In 2015, the alliance welcomed
the 2012 WHO and UNEP State of the Science report on
EDCs, noting scientific dissent only from the chemical and
pesticide industries.61 Although the report identified efforts
by the USA, the EU, Japan, and the Organisation for
Economic Cooperation and Development to develop testing
guidelines for EDCs, these tests focus exclusively on the
oestrogen, androgen, and thyroid pathways,62 and ignore
not only other receptors (48 known human nuclear
receptors exist), but also many other potential mechanisms
of action.5
A 2017 report commissioned by UNEP and authored by
the International Panel on Chemical Pollution, identified
28 policy actions, by governments worldwide, that sub
stantially vary in the scope of EDCs addressed and
emphasise evaluation of industrial chemicals (select
examples included in table 3). The highly variable
approaches to address and limit hazardous EDCs are
especially concerning as synthetic chemical manu
facturing and use are increasing rapidly in developing
countries and economies in transition.63
Model regulations and harmonisation across the globe
would go far, especially in the context of limited regulatory
resources for oversight. Current efforts largely focus on
monitoring adherence to existing international conven
tions (Stockholm, Basel, Rotterdam, etc) which are
notable because they limit a subset of persistent organic
pollutants (many EDCs), through binding international
agreements (table 3). However, the USA has not ratified
these agreements and continues to produce and export
certain chemicals (chlordane, several flame retardants,
etc) that these conventions have banned.

Consideration of economic costs: current
approaches to EDC regulations
Balanced analyses should evaluate the costs of
regulations and compare them with the costs—health
care, economic, and otherwise—of failing to regulate.
The costs associated with regulating a chemical (or class)
would include the actual burden of implementing new
laws and policies, as well as possible lost economic
activity. There could also be benefits for another industry
making similar products posing lower environmental
and human health risk. The costs associated with
inaction would include the economic burden to health
and the environment incurred by exposure to the
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020
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unregulated compounds. From a societal perspective, a
proper approach would be to weigh the costs of
developing safer alternatives (which are initially borne
by producers but ultimately passed to the consumer)
against the economic benefits of reduced disease and
disability. The real costs of replacing EDCs are often
lower than initial estimates as innovation and tech
nological developments, as well as consumer demand,
address the need to identify substitutes in products. Still
agencies in the EU and the USA tasked with protecting
public and environmental health fail to take these costs
into account when making regulatory decisions. Two
examples presented here illustrate how regulatory
failures in the USA and the EU have allowed EDC
exposures to continue, contributing to morbidity and
serious economic burdens.

A neurotoxic EDC continues to escape regulation in the
USA
Chlorpyrifos, an EDC known to disrupt thyroid hormone
action,26 represents a clear regulatory failure by the US
EPA.64 Chlorpyrifos was voluntarily withdrawn by
manufacturers (under agreement with the EPA) in 2000
for indoor pesticide use (with some exceptions), following
evidence of neurotoxic effects.65–67 In 2015, the EPA
proposed to revoke all permissible uses in food products in
response to a petition;64,68,69 however, the EPA administrator
reversed this decision in 2017, suggesting that there was
insufficient animal evidence of adverse health impacts and
improper dependence on epidemiological data. Following
extended court challenges, the revocation was fully
reversed in July, 2019,70 allowing this pesticide to continue
to be used on food crops. In February, 2020, a major
manufacturer, Corteva, announced its intention to cease
production in the USA, due to decreasing demand from
agricultural users.71
Allowing the continued use of chlorpyrifos does not
consider the ensuing economic burden. Based on its well
documented associations with reduced IQ, estimated
annual costs of $44 billion are expected in the USA64 if
exposures continue at current levels. These estimates do
not account for other potential health effect costs beyond
IQ loss, nor do they account for potential damage to the
environment, including possible effects on pollinator
species.72 Furthermore, the failure to regulate chlorpyrifos
has negative economic consequences for industries
marketing safer alternatives.
By contrast, the European Food Safety Authority released
a human health assessment for the renewal of approval for
chlorpyrifos, which expired in January 2020.73 The authority
determined that given neurodevelopmental effects at the
lowest doses examined in toxicological studies, and
support for these findings in the epidemiological literature,
no safe exposure level could be set for chlorpyrifos, and
thus a risk assessment for use could not be completed.
Because the approval criteria could not be met, EU
approval has not been renewed.
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

An EDC is labelled an SVHC in the EU but given a clean
bill of health in the USA
More than a hundred studies in humans suggest that
exposures to BPA can contribute to endocrine diseases
including obesity, diabetes, and neurodevelopmental
disorders.74 This literature is supported by more than
1000 studies from controlled laboratory experiments
documenting the endocrine-disrupting properties of this
chemical, and its effects on the health of rodents, aquatic
animals, and non-human primates.1,75,76 An extensive
scientific literature on the associations between BPA and
human diseases indicates that the procedures used to
determine whether current human exposures are safe
are insufficient and flawed.77,78
In response to concerns raised by health advocates and
scientists, the National Institute of Environmental Health
Sciences and National Toxicology Program developed a
collaborative research study, CLARITY, to determine if the
methods used for hazard assessments are sufficient for
EDCs like BPA.79,80 Exposures and standard toxicological
endpoint examinations were done at the FDA, and masked
organs, tissues, or animals were then transported to
academic labs for additional mechanistic testing. Although
the FDA continues to claim their results suggest BPA is
safe at current levels of exposure, work from the academic
partners shows that BPA affects the brain, prostate, ovary,
and other organs at levels currently deemed safe.81
In the meantime, regulatory agencies in the EU have
used these and other academic studies to conclude that
BPA disrupts the mammary gland and cognitive function,
and alters metabolism and reproduction.82–84 The French
environmental health agency, for example, has described
in detail why BPA meets the legal criteria to be labelled an
EDC. The substance was then recognised as an SVHC by
the European Chemicals Agency.85,86 Still, the agency
concedes that this labelling is unlikely to sufficiently
protect human health, noting that “authorisation is the
most binding measure that can be associated with the
SVHC status and it does not apply to monomers and
intermediates. A significant amount of BPA is placed on
the European market as a monomer and intermediate”.85
Like chlorpyrifos, the failure to efficiently regulate BPA
does not consider the economic costs of continued use of
this chemical in consumer products. Estimates of BPA
contributions to the costs associated with childhood
obesity alone amount to $2 billion in the EU and
$2·4 billion in the USA.31 To date, there are no estimates
of the economic contribution of BPA to other adverse
health outcomes (eg, attention-deficit hyperactivity
disorder, cancer, or infertility).

A path forward: policy recommendations
We next recommend actions centred on identification
and mechanistic assessment of EDCs, strategies to
monitor and reduce exposures, and regulatory actions
that could better protect human and environmental
health (table 4).
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Existing evidence

EDC change proposed

Consensus on EDC
identification

Differing definitions of EDCs are currently used by
nearly every agency and sector, no consensus;
most require adverse effects in animal models

Legally valid definition of EDCs applicable in all sectors Different definitions are problematic for regulators
and industry; requiring adverse effects as proof of
that does not require evidence of adverse effect in
harm necessitates a comprehensive understanding of
whole organism models
all disease states and mechanisms of action

Consensus on methods to
evaluate EDCs

Most US regulations require oestrogenic EDC
testing only; most EU regulations for pesticides
require oestrogen, androgen, and thyroid
hormone axis

Two-tiered testing plan: tier 1 screening approach to
evaluate all nuclear receptor-related and non-nuclear
receptor mechanisms, some functional outcomes;
tier 2 inclusive of diverse disease-state models in
diverse species

Testing a single receptor for a single mechanism of
action is insufficient; broad testing of known
endocrine endpoints is needed to more thoroughly
evaluate potential endocrine-mediated disruption and
to prioritise for higher-order testing in animal models

Establishment of global
biomonitoring
programmes

Biomonitoring programmes are currently limited
to very developed nations and monitor at most
several hundred chemicals

Expansion of testing particularly to countries that do
not have the resources to monitor these exposures is
critical; expansion of testing to greater number of
substances of high concern

A clear environmental justice issue; low-income and
middle-income countries cannot afford a national
biomonitoring programme and yet often are
disproportionately exposed to products and waste
deemed too contaminated from the wealthiest
nations

Mandatory provision of
chemical composition for
marketed substances

Few requirements exist for provision of chemical
compositions, often product suppliers do not
appreciate chemical production chain for their
own products; trade secret exemptions are
considerable

Requirement for full disclosure of all chemical
constituents and additives used in all consumer
products; clear consequences for incorrect
information

Far too much federal funding is going to simply
identifying chemical constituents in consumer
products rather than assessing potential health
consequences from exposure; this expenditure is
avoidable with regulations on industry disclosure and
labelling

Requirement for regulations to consider the
EDC-related morbidity costs and for WHO and
Institute for Health Metrics and Evaluation to include
these effects in estimates of the global burden of
disease

Inclusion of these costs would have benefits on health
outcomes, human suffering, health expenditures, and
environmental justice concerns surrounding exposure
inequalities; rapid increase in direct human evidence of
adverse effects via EDCs

Hazard-based approach to Used in part across EU regulations; USA uses a risk- Shift to a hazard-based approach to regulating EDCs
regulation of EDCs
based approach, using cost–benefit analyses
across all countries and sectors rather than using riskbased approaches

Delay to gather paramount human health studies,
particularly with long latency disease outcomes; is not
protective of human health; ignores potential impacts
on health and biodiversity

An international agency under WHO to transparently
evaluate potential EDCs

These consensus statements would be used by
regulatory agencies around the world to limit
exposures to EDCs and consolidate weight of evidence
approaches

Economic costs related to EDC exposures are not
Inclusion of economic
costs associated with EDC- included in relevant cost–benefit analyses
related morbidities in cost

Establishment of
International Agency for
Research on EDCs

Equivalent agency for the evaluation of chemical
carcinogens has successfully operated for
>50 years

Argument for change

Key proposed policy changes needed to promote effective regulatory environment to protect human health from exposure to EDCs. EDC=endocrine-disrupting chemical.

Table 4: Proposed policy changes to EDC regulations

Testing and identifying EDCs
Our first recommendation centres on the identification of
EDCs, as effective screening programmes are essential to
subsequent actions. Unfortunately, the currently available
or validated tests used to determine if a chemical is an
EDC do not cover all endocrine modes of action. In
the USA, regulations require testing for oestrogen agonist
activity only for pesticides and drinking water contami
nants, while the recommendations from the Endocrine
Disruptor Screening and Testing Advisory Committee87
promote evaluation of oestrogen, androgen, and thyroid
receptor disruption. In the EU, the European Chemicals
Agency and the European Food Safety Authority guidance
document on the identification of EDCs in pesticides also
recommends gathering information on oestrogenic,
androgenic, thyroidal, and steroidogenic modalities.88 Of
these, disruption of the thyroid axis has particularly poor
coverage, and other pathways (eg, metabolic, glucocorticoid,
etc) are not covered at all. Further still, for the better
covered modalities (eg, oestrogen and androgen sig
nalling), the validated tests appear too insensitive for some
EDCs, working best for endogenous hormones.
For example, the uterotrophic assay measures
724

oestrogen-dependent changes in uterine weight, though
relatively high concentrations of oestrogenic EDCs must
be administered to alter uterine weight,89 and disruption of
oestrogen signalling can occur without organ weight
effects.90 Sensitive assays exist to test a broader number of
nuclear receptors, and other receptor types, and to assess
some of the more diverse mechanisms of action for EDCs.5
Assays to examine these mechanisms, such as receptor
expression, hormone transport, hormone synthesis, and
epigenetic alterations, should soon be validated for
inclusion in regulatory requirements. In contrast, the
Organisation for Economic Cooperation and Development
guidance provides comprehensive documents pertaining
to the development and validation of test guidelines for a
variety of endocrine activities, including standardised
protocols, mechanistic insights, and evaluation of new
assays for potential inclusion, covering more diverse path
ways than those formally required under US or EU
regulations.
We propose that a two-tiered system be employed to
identify suspected EDCs and known EDCs, similar to
what others have suggested previously.91 In the first tier,
high-throughput screening methods are used to evaluate
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020
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substances for a wide range of endocrine modalities.92,93
These assays should assess both agonist and antagonist
activities of a broad range of receptors (not limited to
nuclear types), and receptor-independent mechanisms,
for comprehensive coverage across endpoints.5 Work is
needed to ensure appropriate validation and rigour in
testing (including positive and negative controls, technical
and biological replicates, quality assurance and control), to
determine how results will be interpreted, how conflicting
results from different screening assays targeting the same
endpoint will be reconciled,94 and how chemicals will be
prioritised for additional higher-order testing. This highthroughput approach can support the testing of all
receptor systems conducive to in-vitro screens, rather than
focusing on a select few. Efforts to address this through
high-throughput testing of diverse chemicals in diverse
mechanism assays are underway through the ToxCast and
Tox21 programmes,95,96 though questions remain as to
interpretation and quality control of these efforts.94,97,98
These first-order tests should be coupled with more
functional in-vitro assays to assess outcomes such as
adipocyte development, steroidogenesis, and spermato
genesis, among others, to cover a broader biological base
of potential EDC-induced disruption.
In the second tier, testing using more sensitive assays
should be conducted, with a focus on endpoints relevant to
human diseases, and targeting relevant critical windows to
identify likely adverse impacts.91 Because current
regulations require that a chemical induces adverse effects
to be recognised as an EDC, and adverse effects can only
be observed in vivo, second tier assays will need to use
vertebrate animals or epidemiological evidence until the
regulatory definition of an EDC is significantly altered.
The EPA has proposed restrictions and plans to eventually
ban the use of mammals for regulatory testing, though
there are no guidelines yet in place for how in-vitro assays
will be used to fill this gap. EU authorities, in contrast,
have legislation in place proposing the replacement,
reduction, and refinement of vertebrate animal testing,
like the Organisation for Economic Cooperation and
Development guidelines. Until the EDC definition is
updated and guidelines are available to use in-vitro data for
regulatory purposes, in-vivo assays must continue to
provide crucial toxicological data. Non-mammalian
vertebrate models such as fish (zebrafish, medaka) and
amphibians (Xenopus)—particularly larval stages that
would obviate the EU restrictions—and invertebrate
models have great potential to also fill this research gap.
Hormone receptors are highly conserved across verte
brates,99 the ease of breeding and short developmental
timing allow for comprehensive mixture testing, and
functional conservation in areas such as adipose biology,
lipid metabolism, and glucose signalling provides robust
utility in modelling human disease states.100 These and
more typical mammalian models (eg, rodents) should be
used to help ensure rigorous validation of in-vitro assays
and to examine more complex organismal responses.
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

Where possible, linkages should be assessed between firstorder mechanistic testing and higher-order in-vivo out
comes to elucidate potential pathways underlying effects;
importantly, however, adverse endocrine outcomes should
not be discounted for lacking this mechanistic information.
A determination of adverse effect should be sufficient for
identification as an EDC and subsequent regulation.
As chemicals are identified as EDCs and regulated
based on these tests, care must also be taken to limit
regrettable substitutions. Polybrominated diphenyl ethers
were replaced with organophosphate ester flame retar
dants that have their own health concerns,101 and BPA has
been replaced in some products with other bisphenols
that have similar or worse effects for particular
endpoints.102,103 Regulations that support development of
safer alternatives and require testing before allowing
alter
natives onto the market should help prevent
regrettable substitutions. These pre-market tests should
encompass the defined in-vitro and in-vivo endpoints we
have discussed; chemicals intended for commerce should
receive the same attention given to chemicals already
present on the market.

Evaluating exposures to EDCs
Our second recommendation encompasses evaluating
exposures to EDCs. In a hazard-based regulatory environ
ment, chemicals identified as EDCs would simply be
removed from use, at least for products entailing possible
human exposure. A risk-based regulatory approach
currently prevails in which the effects are evaluated on the
basis of degree of exposure. It is therefore essential that
decision makers know how chemicals are being used, can
access robust biomonitoring data so that exposures can be
characterised, and can implement exposure mitigation
programmes as needed. Although some developed
nations have highly informative biomonitoring pro
grammes, more of such efforts must be developed
worldwide (eg, to capture the dynamic complexity of
exposures). Human exposure data should be accessible to
researchers and organisations to foster analyses of global
trends and factors influencing exposures. These factors
can also power global and local educational campaigns to
inform the broader public about safe and simple steps to
reduce EDC exposures, accompanied by regulations that
make it compulsory to provide information on the
chemical composition of marketed products and their
hazards. A type of measure that has long proven to have a
high impact in decreasing human exposure to EDCs is to
withdraw from the market a product or set of consumer
products causing such exposure.

Limiting exposures to EDCs through regulations
Our third major recommendation centres on improving
regulations governing EDCs. We suggest three main
avenues to bolster regulatory approaches to these
chemicals: a legally valid definition of EDCs applicable in
all sectors of the economy and jurisdictions of the world,
725
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inclusion of economic costs of EDC-related health effects
in global disease estimates, and a hazard-based approach
to EDC regulation, at least when human exposures occur.
The Endocrine Society has defined an EDC as “any
chemical or mixture of chemicals that interferes with any
aspect of hormone action” whereas other definitions,
such as that from WHO, specifically require that an
adverse effect is documented.1,104,105 Requiring an adverse
effect to define an EDC is problematic because regulatory
agencies often disagree on which outcomes are adverse.106
This notion is especially true in the context of in-vitro
high-throughput assays that have been proposed for use
in regulations; these assays would determine activity
based on receptor binding, reporter gene activation or
inhibition, or functional outcomes such as altered
steroidogenesis or differentiation. As such, moving away
from definitions that require the observation of adverse
effects in vivo, and adopting the Endocrine Society
definition, provides a relevant path forward, especially in
the context of the limitation of animal testing. Such an
approach should be adopted across all sectors to ensure
consistent treatment of EDCs regardless of product
source.
Our second proposed strategy to bolster the regulatory
approach to EDCs is to include EDCs in estimates of
the global burden of disease, particularly important
considering the substantial human and economic
costs due to EDC-related morbidities.107 The European
Commission considers the aim of minimising human and
environmental exposure to EDCs as scientifically justified.
In parallel, in countries and sectors where risk-based
approaches remain the paradigm, reductions in EDC
exposures are warranted based on direct human evidence
of adverse effects, as described in paper 1 of this Series.
Where implemented, such policies will have positive
impacts not only on health outcomes, but also on health
expenditures and other indirect costs. In the USA, EDC
exposures are often higher in ethnic minorities108 and
contribute to inequalities in diseases and disability,
including neurocognitive outcomes.29 EDC policies are
justified on economic grounds and to further environ
mental justice.
Our third proposed strategy is to focus on a hazardbased approach to the regulation of EDCs. With risk-based
approaches, a regulatory response is only triggered if
exposure levels reach some critical level (eg, a reference
level or value assumed to trigger a response of a given
amplitude, or an insufficient margin between exposures
and doses that are anticipated to cause hazards).109 In
contrast, a hazard-based approach finds the hazardous
properties of a chemical as sufficient for regulation and
marketing prohibition, independent of exposure risks and
cost–benefit analyses. For many EDCs, data are lacking to
support using risk-based approaches, hampering other
regulatory actions.110 The lag from identifying new
exposures to completing human studies of effects,
especially for disease outcomes with longer latencies such
726

as diabetes or cancers, is the most serious and intrinsic
flaw of the risk-based regulatory paradigm. To delay
regulating chemical hazards until sufficient data are
available to inform risk assessment is costly in human
health as well as economic terms. A shift in the paradigm
towards hazard-based regulation, as has been embraced
by the EU pesticides regulation, is thus warranted.
We argue that such hazard-based regulations should be
used for regulating EDCs across all sectors (or at least for
those with potential human or ecological exposures) in all
countries. Because non-monotonic exposure–response
relationships exist for many synthetic chemicals including
EDCs,5,111 doses that cause harm cannot be used to
extrapolate to lower doses that are safe.112 Although some
risk-based approaches attempt to account for age-related
vulnerability, they falsely presume that the population
sensitivity can be quantified a priori. As such, we suggest
the inclusion of EDCs as a specific hazard category for
regulatory purposes across countries, of similar concern
to other hazards such as carcinogens. A first step would be
for endocrine disruption to be part of the international
Globally Harmonised System of classification and
labelling of chemicals and of the area-specific corres
ponding regulations such as the EU 2008 regulation on
the classification, labelling and packaging of substances
and mixtures.113 We propose a defined testing paradigm to
evaluate all chemicals in commerce, hazard-based
approaches to regulation, and clear timelines and actions
required following EDC identification.

An International Agency for Research on EDCs (IARE)
To foster the development of some of these recom
mendations, we suggest the establishment of a new inter
national agency, or a broadening of the International
Agency for Research on Cancer (IARC)’s scientific charge,
to include endocrine disruption. When the IARC was
established in 1965, it was tasked with evaluating the
evidence of carcinogenesis due to environmental hazards.114
Since that time, the IARC has evaluated hundreds of
environmental chemicals and agents in a transparent and
reproducible manner.115 We propose that an IARE should
be created within WHO and funded in a similar manner to
protect against undue influence from industry or other
stakeholders, and managed with a parallel structure to
allow expert working groups to evaluate chemicals that are
suspected to be EDCs, adapting the approach applied by
the IARC.116,117 Such an independent body will promote
more efficient procedures for identifying EDCs globally.
Like the operation of the IARC, monographs published as
a result of the efforts from IARE working groups would
describe the state of the evidence using three streams of
evidence (eg, mechanistic, animal, and epidemiological
studies) and principles similar to those used in systematic
reviews.118 One of the key reasons cited for the success of
the IARC is that it explicitly does not make policy
recommendations; thus, the body of work that would be
created by the IARE would be used by regulatory agencies
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020
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Search strategy and selection criteria
This Series paper relied on the collective expertise and
experience of the authors; thus, a comprehensive literature
search was not done before initiating the study. Authors have
previously published extensively on the economic costs of
various environmental contaminants including endocrinedisrupting chemicals. Regulatory context was examined via
direct evaluation of legislation and through targeted
evaluation of regulatory critiques published previously to
compare and contrast hazard and risk-based regulations
globally, though focusing on the EU and the USA.

around the world to limit, or hopefully eliminate, EDC
exposures, with the IARE staying expressly apolitical.117 A
January, 2020, consensus on the key characteristics of
EDCs, provides a framework, with ten mechanisms of
action and assays that are available to probe some of these,
that could be used to identify EDCs.5 This approach follows
a similar framework describing key characteristics of
carcinogens that has been used by IARC expert panels.119
We propose that an autonomous body that can bring
together diverse experts for international collaborative
reports on EDCs would foster global movement on
regulations.115,116 As noted with the creation of the IARC, an
international organisation is likely to be freer of nonscientific constraints in suggesting regulatory actions than
national organisations,117 a point that is easily demonstrated
by the recent US and EU regulatory failures discussed in
preceding sections.

Conclusions
In the past decades, regulatory efforts and policies to
decrease human exposure to EDCs have been insufficient
to minimise exposure to the vast majority of EDCs.120,121
Given the overwhelming scientific evidence of EDCs as a
human health hazard and the economic costs of inaction,
it is clear that improved regulations are needed. As we
have described, the current approach to limiting exposure
to EDCs in humans is dangerously slow and insufficient.
Simply too few chemicals used in commerce have been
thoroughly tested for endocrine-disrupting properties,
with an ever-expanding list of chemicals requiring
evaluation; other serious weaknesses persist in testing
approaches. Although the EU has taken positive steps
toward regulating EDCs, the approach taken in the USA
(and other countries) is limited or altogether absent.
Regulatory bodies that have applied risk-based evaluations
of regulatory options have failed to consider the full cost of
EDC-related health impacts to adequately protect health.
To this end, we suggest expanded and comprehensive
testing strategies to conclusively identify EDCs, and a shift
from a flawed, risk-based paradigm to one that proactively
excludes chemicals with some evidence of hazardous
properties until further detailed reassuring testing data
become available. An international initiative on EDCs,
www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

which would be supported by UN, could address the
weaknesses related to hazard identification and provide
much-needed guidance for policies globally.
Contributors
LT conceptualised the Series paper, and contributed equally to
the US policy section with CDK and LNV. RS, BAD, and MP equally
contributed to the EU policy section, relying on a published report
prepared by BAD and RS for the EU Parliament, while LNV and CDK
developed the proposal for the International Agency for Research on
Endocrine Disruption with LT and RS. LT had final editorial oversight.
Declaration of interests
LNV reports grants from National Institutes of Environmental Health
Sciences, funding from the Cornell Douglas Foundation and Great Neck
Breast Cancer Coalition, and a grant from Paul G Allen Family
Foundation; she has received reimbursement for travel, or in-kind
donation of travel accommodations, from Food Packaging Forum,
World Federation of Scientists, European Association for Veterinary
Pharmacology & Toxicology, Stowe Cancer Survivors Group, Society
of Toxicology, and Endocrine Society. BAD has a patent Transgenic
clawed frog embryos and use thereof as detectors of endocrine
disrupters in the environment. A French patent application filed in 2002
(FR0206669), was extended through a Patent Cooperation Treaty
application filled in 2003. Applicants: Centre National de la Recherche
Scientifique and Muséum National d’Histoire Naturelle. Inventors:
B Demeneix and N Turque. The patent has been extended worldwide:
France (2007), Japan (2011), USA (2013), Canada (2013), and Europe
(2015) with royalties paid to Watchfrog. BAD and RS report
reimbursement for travels from the Endocrine Society. LT reports
personal fees from Houghton Mifflin Harcourt and Audible. All other
authors declare no competing interests.
Acknowledgments
This Series paper is dedicated to the memory of Jean-Pierre Bourguignon.
CDK and LNV acknowledge support from the National Institute of
Environmental Health Sciences (NIEHS, grants K99ES030405,
K22ES025811, and U01ES02614). LT also acknowledges NIEHS support
(grants R01ES022972, R01ES029779, and P30ES000260). The content of
this Series paper is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health.
References
Gore AC, Chappell VA, Fenton SE, et al. EDC-2: The Endocrine
1
Society’s second scientific statement on endocrine-disrupting
chemicals. Endocr Rev 2015; 36: e1–150.
2
WHO, UN Environment Programme. The state of the science of
endocrine disrupting chemicals – 2012. Geneva: United Nations
Environment Programme and World Health Organization, 2013.
http://www.who.int/iris/bitstream/10665/78101/1/9789241505031_
eng.pdf (accessed March 31, 2020).
3
Zoeller RT, Brown TR, Doan LL, et al. Endocrine-disrupting
chemicals and public health protection: a statement of principles
from the Endocrine Society. Endocrinology 2012; 153: 4097–110.
4
Kortenkamp A, Martin O, Faust M, et al. State of the art assessment
of endocrine disruptors, final report. Brussels: European
Commission, 2011.
5
La Merrill MA, Vandenberg LN, Smith MT, et al. Consensus on the
key characteristics of endocrine-disrupting chemicals as a basis for
hazard identification. Nat Rev Endocrinol 2020; 16: 45–57.
6
Hoffman K, Hammel SC, Phillips AL, et al. Biomarkers of exposure
to SVOCs in children and their demographic associations:
the TESIE Study. Environ Int 2018; 119: 26–36.
7
Pak VM, Nailon RE, McCauley LA. Controversy: neonatal exposure
to plasticizers in the NICU. MCN Am J Matern Child Nurs 2007;
32: 244–49.
8
Groh KJ, Backhaus T, Carney-Almroth B, et al. Overview of known
plastic packaging-associated chemicals and their hazards.
Sci Total Environ 2019; 651: 3253–68.
9
Mitro SD, Dodson RE, Singla V, et al. Consumer product chemicals
in indoor dust: a quantitative meta-analysis of U.S. studies.
Environ Sci Technol 2016; 50: 10661–72.

727

Series

10

11

12
13
14

15
16
17
18
19
20

21
22
23

24
25
26

27

28
29

30
31

728

Rudel RA, Dodson RE, Perovich LJ, et al. Semivolatile endocrinedisrupting compounds in paired indoor and outdoor air in
two northern California communities. Environ Sci Technol 2010;
44: 6583–90.
Bhandari RK, Deem SL, Holliday DK, et al. Effects of the
environmental estrogenic contaminants bisphenol A and 17α-ethinyl
estradiol on sexual development and adult behaviors in aquatic
wildlife species. Gen Comp Endocrinol 2015; 214: 195–219.
Xia K, Bhandari A, Das K, Pillar G. Occurrence and fate of
pharmaceuticals and personal care products (PPCPs) in biosolids.
J Environ Qual 2005; 34: 91–104.
Ciparis S, Iwanowicz LR, Voshell JR. Effects of watershed densities of
animal feeding operations on nutrient concentrations and estrogenic
activity in agricultural streams. Sci Total Environ 2012; 414: 268–76.
Van der Linden SC, Heringa MB, Man HY, et al. Detection of
multiple hormonal activities in wastewater effluents and surface
water, using a panel of steroid receptor CALUX bioassays.
Environ Sci Technol 2008; 42: 5814–20.
Barber LB, Vajda AM, Douville C, Norris DO, Writer JH.
Fish endocrine disruption responses to a major wastewater
treatment facility upgrade. Environ Sci Technol 2012; 46: 2121–31.
Biasiotto G, Zanella I, Masserdotti A, et al. Municipal wastewater
affects adipose deposition in male mice and increases 3T3-L1 cell
differentiation. Toxicol Appl Pharmacol 2016; 297: 32–40.
Institute of Medicine. Costs of environment-related health effects.
Washington, DC: National Academy Press, 1981.
Grosse SD, Matte TD, Schwartz J, Jackson RJ. Economic gains
resulting from the reduction in children’s exposure to lead in the
United States. Environ Health Perspect 2002; 110: 563–69.
Tsai PL, Hatfield TH. Global benefits of phasing out leaded fuel.
J Environ Health 2011; 74: 8–15.
Forouzanfar MH, Alexander L, Anderson HR, et al. Global, regional,
and national comparative risk assessment of 79 behavioural,
environmental and occupational, and metabolic risks or clusters of
risks in 188 countries, 1990–2013: a systematic analysis for the
Global Burden of Disease Study 2013. Lancet 2015; 386: 2287–323.
Grosse SD, Teutsch SM, Haddix AC. Lessons from costeffectiveness research for United States public health policy.
Annu Rev Public Health 2007; 28: 365–91.
Prüss-Ustün A, van Deventer E, Mudu P, et al. Environmental risks
and non-communicable diseases. BMJ 2019; 364: l265.
GBD 2017 Risk Factor Collaborators. Global, regional, and
national comparative risk assessment of 84 behavioural,
environmental and occupational, and metabolic risks or clusters
of risks for 195 countries and territories, 1990–2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet 2018;
392: 1923–94.
Salkever DS. Assessing the IQ-earnings link in environmental lead
impacts on children: have hazard effects been overstated?
Environ Res 2014; 131: 219–30.
Attina TM, Trasande L. Economic costs of childhood lead exposure
in low- and middle-income countries. Environ Health Perspect 2013;
121: 1097–102.
Bellanger M, Demeneix B, Grandjean P, Zoeller RT, Trasande L.
Neurobehavioral deficits, diseases, and associated costs of exposure
to endocrine-disrupting chemicals in the European Union.
J Clin Endocrinol Metab 2015; 100: 1256–66.
Hauser R, Skakkebaek NE, Hass U, et al. Male reproductive
disorders, diseases, and costs of exposure to endocrine-disrupting
chemicals in the European Union. J Clin Endocrinol Metab 2015;
100: 1267–77.
Legler J, Fletcher T, Govarts E, et al. Obesity, diabetes, and
associated costs of exposure to endocrine-disrupting chemicals in
the European Union. J Clin Endocrinol Metab 2015; 100: 1278–88.
Attina TM, Malits J, Naidu M, Trasande L. Racial/ethnic disparities
in disease burden and costs related to exposure to endocrinedisrupting chemicals in the United States: an exploratory analysis.
J Clin Epidemiol 2019; 108: 34–43.
Trasande L, Zoeller RT, Hass U, et al. Estimating burden and
disease costs of exposure to endocrine-disrupting chemicals in the
European Union. J Clin Endocrinol Metab 2015; 100: 1245–55.
Attina TM, Hauser R, Sathyanarayana S, et al. Exposure to endocrinedisrupting chemicals in the USA: a population-based disease burden
and cost analysis. Lancet Diabetes Endocrinol 2016; 4: 996–1003.

32
33
34
35

36

37

38

39

40

41
42

43
44
45
46
47
48
49
50
51
52
53

54

Trasande L, Zoeller RT, Hass U, et al. Burden of disease and costs of
exposure to endocrine disrupting chemicals in the European
Union: an updated analysis. Andrology 2016; 4: 565–72.
Demeneix B, Slama R. Endocrine disruptors: from scientific evidence
to human health protection. Brussels: European Parliament, 2019.
European Commission. Communication from the Commission on
the precautionary principle. Luxembourg: Publications Office of the
European Union, 2000.
European Parliament. Decision No 1386/2013/EU of the European
parliament and of the Council of 20 November 2013 on a General
Union Environment Action Programme to 2020 ‘Living well, within
the limits of our planet’. OJ L 2013; 354: 171.
European Commission. Communication from the Commission to
the Council and the European Parliament. Community strategy for
endocrine disruptors - a range of substances suspected of interfering
with the hormone systems of humans and wildlife. COM (1999) 706.
Brussels: Commission of the European Communities, 1999.
European Commission. Communication from the Commission to
the EU parliament, the Council, the EU Economic and Social
Committee and the Committee of the Regions. Towards a
comprehensive European Union framework on endocrine
disruptors. Brussels: European Commission, 2018.
European Parliament. Regulation (EC) No 1107/2009 of the European
Parliament and of the Council of 21 October 2009 concerning the
placing of plant protection products on the market and repealing
Council Directives 79/117/EEC and 91/414/EEC. OJ L 2009; 309: 1–50.
European Parliament. Regulation (EU) No 528/2012 of the
European Parliament and of the Council of 22 May 2012 concerning
the making available on the market and use of biocidal products.
OJ L 2012; 167: 1–123.
Slama R, Bourguignon JP, Demeneix B, et al. Scientific issues
relevant to setting regulatory criteria to identify endocrinedisrupting substances in the European Union.
Environ Health Perspect 2016; 124: 1497–503.
Bourguignon J-P, Slama R, Bergman Å, et al. Science-based
regulation of endocrine disrupting chemicals in Europe: which
approach? Lancet Diabetes Endocrinol 2016; 4: 643–46.
European Chemicals Agency, European Food Safety Authority,
Joint Research Centre, et al. Guidance for the identification of
endocrine disruptors in the context of regulations (EU) No 528/2012
and (EC) 1107/2009. EFSA J 2018; 16: 1–135.
Wilson MP, Schwarzman MR. Toward a new U.S. chemicals policy:
rebuilding the foundation to advance new science, green chemistry,
and environmental health. Environ Health Perspect 2009; 117: 1202–09.
Ekey K. Tick Toxic: the failure to clean up TSCA poisons public health
and threatens chemical innovation. Wm Mary Envtl L Pol’y Rev 2013;
38: 169–94.
Locke PA, Myers DB Jr. A replacement-first approach to toxicity
testing is necessary to successfully reauthorize TSCA. ALTEX 2011;
28: 266–72.
Hanan A. Pushing the environmental regulatory focus a step back:
controlling the introduction of new chemicals under the Toxic
Substances Control Act. Am J Law Med 1992; 18: 395–421.
Lohmann R, Stapleton HM, Hites RA. Science should guide TSCA
reform. Environ Sci Technol 2013; 47: 8995–96.
Schmidt CW. TSCA 2.0: a new era in chemical risk management.
Environ Health Perspect 2016; 124: A182–86.
Denison RA. Ten essential elements in TSCA reform.
Environ Law Report 2009; 39: 10020–28.
O’Reilly JT. What REACH can teach us about TSCA: retrospectives
of America’s failed toxics statute. EJRR 2010; 1: 40–50.
US Code. Title 15. Chapter 53—Toxic substances control
(sections 2601–2697). Washington, DC: US Government Printing
Office, 2016.
Krimsky S. The unsteady state and inertia of chemical regulation
under the US Toxic Substances Control Act. PLoS Biol 2017;
15: e2002404.
US Environmental Protection Agency. Statistics for the new
chemicals review program under TSCA. 2019. https://www.epa.gov/
reviewing-new-chemicals-under-toxic-substances-control-act-tsca/
statistics-new-chemicals-review (accessed July 20, 2019).
Jackson LS. Chemical food safety issues in the United States:
past, present, and future. J Agric Food Chem 2009; 57: 8161–70.

www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

Series

55
56
57
58
59

60

61

62

63

64
65
66
67
68

69

70
71

72

73

74
75

US Code. Title 21. Chapter 9—Federal Food, Drug, and Cosmetic
Act (sections 301–399f). Washington, DC: US Government Printing
Office, 2012.
Neltner TG, Kulkarni NR, Alger HM, et al. Navigating the U.S.
Food Additive Regulatory Program. Compr Rev Food Sci Food Saf
2011; 10: 342–68.
Beyranevand LJ. Generally Recognized as Safe?: analyzing flaws in
the FDA’s approach to GRAS additives. Vt Law Rev 2013;
37: 887–922.
Begley TH. Methods and approaches used by FDA to evaluate the
safety of food packaging materials. Food Addit Contam 1997;
14: 545–53.
Maffini MV, Alger HM, Bongard ED, Neltner TG. Enhancing FDA’s
evaluation of science to ensure chemicals added to human food are
safe: Workshop Proceedings. Compr Rev Food Sci Food Saf 2011;
10: 321–41.
Muncke J, Myers JP, Scheringer M, Porta M. Food packaging and
migration of food contact materials: will epidemiologists rise to the
neotoxic challenge? J Epidemiol Community Health 2014;
68: 592–94.
UN Environment Programme. Strategic approach to international
chemicals management. Endocrine-disrupting chemicals. 2020.
http://www.saicm.org/Implementation/EmergingPolicyIssues/
EndocrineDisruptingChemicals/tabid/5476/language/en-US/
Default.aspx (accessed March 31, 2020).
UN Environment Programme. Scientific knowledge of endocrine
disrupting chemicals. 2019. https://www.unenvironment.org/
explore-topics/chemicals-waste/what-we-do/emerging-issues/
scientific-knowledge-endocrine-disrupting (accessed
March 30, 2020).
Trasande L, Massey RI, DiGangi J, Geiser K, Olanipekun AI,
Gallagher L. How developing nations can protect children from
hazardous chemical exposures while sustaining economic growth.
Health Aff (Millwood) 2011; 30: 2400–09.
Trasande L. When enough data are not enough to enact policy:
the failure to ban chlorpyrifos. PLoS Biol 2017; 15: e2003671.
Davis DL, Ahmed AK. Exposures from indoor spraying of
chlorpyrifos pose greater health risks to children than currently
estimated. Environ Health Perspect 1998; 106: 299–301.
Gurunathan S, Robson M, Freeman N, et al. Accumulation of
chlorpyrifos on residential surfaces and toys accessible to children.
Environ Health Perspect 1998; 106: 9–16.
Slotkin TA. Developmental cholinotoxicants: nicotine and
chlorpyrifos. Environ Health Perspect 1999; 107 (suppl 1): 71–80.
Muñoz-Quezada MT, Lucero BA, Barr DB, et al.
Neurodevelopmental effects in children associated with exposure to
organophosphate pesticides: a systematic review. Neurotoxicology
2013; 39: 158–68.
González-Alzaga B, Lacasaña M, Aguilar-Garduño C, et al.
A systematic review of neurodevelopmental effects of prenatal and
postnatal organophosphate pesticide exposure. Toxicol Lett 2014;
230: 104–21.
Environmental Protection Agency. Pre-publication notice:
chlorpyrifos; final order denying objections to March 2017 petition
denial order. Federal Register 2019; 84: 35555–68.
Polansek T. Corteva to stop making pesticide linked to kids’ health
problems. 2020. Reuters. https://uk.reuters.com/article/us-cortevaagriculture-pesticide/corteva-to-stop-making-pesticide-linked-tokids-health-problems-idUKKBN20023I#:~:text=CHICAGO%20
(Reuters)%20%2D%20Corteva%20Inc,and%20attention%20
disorders%20in%20children (accessed March 30, 2020).
Urlacher E, Monchanin C, Rivière C, et al. Measurements of
chlorpyrifos levels in forager bees and comparison with levels that
disrupt honey bee odor-mediated learning under laboratory
conditions. J Chem Ecol 2016; 42: 127–38.
European Food Safety Authority. Statement on the available
outcomes of the human health assessment in the context of the
pesticides peer review of the active substance chlorpyrifos. EFSA J
2019; 17: 1–28.
Rochester JR. Bisphenol A and human health: a review of the
literature. Reprod Toxicol 2013; 42: 132–55.
Richter CA, Birnbaum LS, Farabollini F, et al. In vivo effects of
bisphenol A in laboratory rodent studies. Reprod Toxicol 2007;
24: 199–224.

www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

76
77
78
79

80
81

82
83
84
85
86
87
88

89

90

91
92
93
94
95
96
97
98

Vandenberg LN, Ehrlich S, Belcher SM, et al. Low dose effects of
bisphenol A: an integrated review of in vitro, laboratory animal and
epidemiology studies. Endocr Disruptors (Austin) 2013; 1: e26490.
Maffini MV, Vandenberg LN. Closing the gap: improving additives
safety evaluation to reflect human health concerns.
Environ Risk Assess Remediat 2017; 1: 26–33.
Vandenberg LN. Low dose effects challenge the evaluation of
endocrine disrupting chemicals. Trends Food Sci Technol 2019;
84: 58–61.
Birnbaum LS, Bucher JR, Collman GW, et al. Consortium-based
science: the NIEHS’s multipronged, collaborative approach to
assessing the health effects of bisphenol A. Environ Health Perspect
2012; 120: 1640–44.
Schug TT, Heindel JJ, Camacho L, et al. A new approach to synergize
academic and guideline-compliant research: the CLARITY-BPA
research program. Reprod Toxicol 2013; 40: 35–40.
Prins GS, Patisaul HB, Belcher SM, Vandenberg LN. CLARITY-BPA
academic laboratory studies identify consistent low-dose bisphenol
A effects on multiple organ systems. Basic Clin Pharmacol Toxicol
2019; 125 (suppl 3): 14–31.
Vandenberg LN, Prins GS. Clarity in the face of confusion:
new studies tip the scales on bisphenol A (BPA). Andrology 2016;
4: 561–64.
Hass U, Christiansen S, Boberg J, Rasmussen MG, Mandrup K.
Low-dose effect of developmental bisphenol A exposure on sperm
count and behaviour in rats. Andrology 2016; 4: 594–607.
Mandrup K, Boberg J, Isling LK, Christiansen S, Hass U. Low-dose
effects of bisphenol A on mammary gland development in rats.
Andrology 2016; 4: 673–83.
Pouzaud F, Thierry-Mieg M, Burga K, et al. Concerns related to
ED-mediated effects of bisphenol A and their regulatory
consideration. Mol Cell Endocrinol 2018; 475: 92–106.
Beausoleil C, Emond C, Cravedi JP, et al. Regulatory identification
of BPA as an endocrine disruptor: context and methodology.
Mol Cell Endocrinol 2018; 475: 4–9.
US Environmental Protection Agency. Endocrine Disruptor
Screening and Testing Advisory Committee (EDSTAC) final report.
Washington, DC: US Environmental Protection Agency, 1998.
European Chemicals Agency, European Food Safety Authority, Joint
Research Centre, et al. Guidance for the identification of endocrine
disruptors in the context of Regulations (EU) No 528/2012 and (EC)
No 1107/2009. EFSA J 2018; 16: 5311.
Markey CM, Michaelson CL, Veson EC, Sonnenschein C, Soto AM.
The mouse uterotrophic assay: a reevaluation of its validity in
assessing the estrogenicity of bisphenol A. Environ Health Perspect
2001; 109: 55–60.
Ceccatelli R, Faass O, Schlumpf M, Lichtensteiger W.
Gene expression and estrogen sensitivity in rat uterus after
developmental exposure to the polybrominated diphenylether
PBDE 99 and PCB. Toxicology 2006; 220: 104–16.
Schug TT, Abagyan R, Blumberg B, et al. Designing endocrine
disruption out of the next generation of chemicals. GC 2013;
15: 181–98.
Judson RS, Houck KA, Kavlock RJ, et al. In vitro screening of
environmental chemicals for targeted testing prioritization:
the ToxCast project. Environ Health Perspect 2010; 118: 485–92.
Knudsen T, Martin M, Chandler K, Kleinstreuer N, Judson R,
Sipes N. Predictive models and computational toxicology.
Methods Mol Biol 2013; 947: 343–74.
Janesick AS, Dimastrogiovanni G, Vanek L, et al. On the utility of
ToxCast and ToxPi as methods for identifying new obesogens.
Environ Health Perspect 2016; 124: 1214–26.
Hsieh JH, Sedykh A, Huang R, Xia M, Tice RR. A data analysis
pipeline accounting for artifacts in Tox21 quantitative
high-throughput screening assays. J Biomol Screen 2015; 20: 887–97.
Shukla SJ, Huang R, Austin CP, Xia M. The future of toxicity testing:
a focus on in vitro methods using a quantitative high-throughput
screening platform. Drug Discov Today 2010; 15: 997–1007.
Tice RR, Austin CP, Kavlock RJ, Bucher JR. Improving the human
hazard characterization of chemicals: a Tox21 update.
Environ Health Perspect 2013; 121: 756–65.
Filer D, Patisaul HB, Schug T, Reif D, Thayer K. Test driving
ToxCast: endocrine profiling for 1858 chemicals included in
phase II. Curr Opin Pharmacol 2014; 19: 145–52.

729

Series

99
100
101
102
103
104
105
106
107
108

109
110
111

730

Zhao Y, Zhang K, Giesy JP, Hu J. Families of nuclear receptors in
vertebrate models: characteristic and comparative toxicological
perspective. Sci Rep 2015; 5: 8554.
Zang L, Maddison LA, Chen W. Zebrafish as a model for obesity
and diabetes. Front Cell Dev Biol 2018; 6: 91.
Arlene B, Mamta B, Birnbaum LS, et al. Organophosphate ester flame
retardants: are they a regrettable substitution for polybrominated
diphenyl ethers? Environ Sci Technol Lett 2019: 6: 638–649.
Trasande L. Exploring regrettable substitution: replacements for
bisphenol A. Lancet Planet Health 2017; 1: e88–89.
Pelch K, Wignall JA, Goldstone AE, et al. A scoping review of the
health and toxicological activity of bisphenol A (BPA) structural
analogues and functional alternatives. Toxicology 2019; 424: 152235.
Diamanti-Kandarakis E, Bourguignon JP, Giudice LC, et al.
Endocrine-disrupting chemicals: an Endocrine Society scientific
statement. Endocr Rev 2009; 30: 293–342.
Zoeller RT, Bergman A, Becher G, et al. A path forward in the
debate over health impacts of endocrine disrupting chemicals.
Environ Health 2014; 14: 118.
Vandenberg LN, Colborn T, Hayes TB, et al. Regulatory decisions
on endocrine disrupting chemicals should be based on the
principles of endocrinology. Reprod Toxicol 2013; 38: 1–15.
Shaffer RM, Sellers SP, Baker MG, et al. Improving and expanding
estimates of the Global Burden of Disease due to environmental
health risk factors. Environ Health Perspect 2019; 127: 105001.
Pumarega J, Gasull M, Lee DH, López T, Porta M. Number of
persistent organic pollutants detected at high concentrations in
blood samples of the United States population. PLoS One 2016;
11: e0160432.
Solecki R, Kortenkamp A, Bergman Å, et al. Scientific principles for
the identification of endocrine-disrupting chemicals: a consensus
statement. Arch Toxicol 2017; 91: 1001–06.
Vandenberg LN, Blumberg B, Antoniou MN, et al. Is it time to
reassess current safety standards for glyphosate-based herbicides?
J Epidemiol Community Health 2017; 71: 613–18.
Vandenberg LN, Colborn T, Hayes TB, et al. Hormones and
endocrine-disrupting chemicals: low-dose effects and
nonmonotonic dose responses. Endocr Rev 2012; 33: 378–455.

112 Birnbaum LS. Environmental chemicals: evaluating low-dose
effects. Environ Health Perspect 2012; 120: A143–44.
113 European Parliament. Regulation (EC) No 1272/2008 of the
European Parliament and of the Council of 16 December 2008 on
classification, labelling and packaging of substances and mixtures,
amending and repealing Directives 67/548/EEC and 1999/45/EC,
and amending Regulation (EC) No 1907/2006 (Text with EEA
relevance). OJ L 2008; 353: 1–1355.
114 WHO, International Agency for Research on Cancer. IARC
monographs on the evaluation of carcinogenic risks to humans.
Preamble. Lyon: International Agency for Research on Cancer, 2006.
115 Pearce N, Blair A, Vineis P, et al. IARC monographs: 40 years of
evaluating carcinogenic hazards to humans. Environ Health Perspect
2015; 123: 507–14.
116 Saracci R, Wild CP. Fifty years of the International Agency for
Research on Cancer (1965 to 2015). Int J Cancer 2016; 138: 1309–11.
117 Payer LJ. IARC: an environmental approach to cancer research.
Science 1972; 178: 844–46.
118 Vandenberg LN, Agerstrand M, Beronius A, et al. A proposed
framework for the systematic review and integrated assessment
(SYRINA) of endocrine disrupting chemicals. Environ health 2016;
15: 74.
119 Guyton KZ, Rusyn I, Chiu WA, et al. Application of the key
characteristics of carcinogens in cancer hazard identification.
Carcinogenesis 2018; 39: 614–22.
120 Haug LS, Sakhi AK, Cequier E, et al. In-utero and childhood
chemical exposome in six European mother-child cohorts.
Environ Int 2018; 121: 751–63.
121 Centers for Disease Control and Prevention. Fourth national report
on human exposure to environmental chemicals, updated tables,
January 2019. Atlanta, GA: US Department of Health and Human
Services, Centers for Disease Control and Prevention, 2019.
© 2020 Elsevier Ltd. All rights reserved.

www.thelancet.com/diabetes-endocrinology Vol 8 August 2020

