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systems. Rapidly increasing number of chemicals in commerce, coupled with the reliance on traditional, costly
animal experiments for hazard characterization - often with limited sensitivity to many important mechanisms of
endocrine disruption -, presents ongoing challenges for chemical regulation. The consequence is a limited

number of chemicals for which there is sufficient data to assess if there is endocrine toxicity and hence few
chemicals with thorough hazard characterization. To address this challenge, regulatory assessment of endocrine
disrupting chemicals (EDCs) is benefiting from a revolution in toxicology that focuses on New Approach
Methodologies (NAMs) to more rapidly identify, prioritize, and assess the potential risks from exposure to
chemicals using novel, more efficient, and more mechanistically driven methodologies and tools. Incorporated
into Integrated Approaches to Testing and Assessment (IATA) and guided by conceptual frameworks such as
Adverse Outcome Pathways (AOPs), emerging approaches focus initially on molecular interactions between the
test chemical and potentially vulnerable biological systems instead of the need for animal toxicity data. These
new toxicity testing methods can be complemented with in silico and computational toxicology approaches,
including those that predict chemical kinetics. Coupled with exposure data, these will inform risk-based decision-
making approaches. Canada is part of a global network collaborating on building confidence in the use of NAMs
for regulatory assessment of EDCs. Herein, we review the current approaches to EDC regulation globally (mainly
from the perspective of human health), and provide a perspective on how the advances for regulatory testing and
assessment can be applied and discuss the promises and challenges faced in adopting these novel approaches to

minimize risks due to EDC exposure in Canada, and our world.

1. Endocrine disrupting chemicals (EDCs) such as a generalized reproductive failure for all vertebrate classes are
concerning (Marlatt et al. this issue). The vast increase in the production

Chemical pollution is regarded as one of the planet’s greatest threats of different types of chemicals during the last several decades, and the
(Steffen et al., 2015) and the economic costs to society are enormous; e. rapid replacement of banned chemicals with closely related substitutes
g., $5 trillion globally, and at least $30B in Canada (Basu and Lanphear, has shown that while useful, many chemicals may still have the potential
2019). In terms of ecosystem health, contaminant-related phenomena to damage the environment and harm humans (Yilmaz et al., 2020).
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Legislation in North America, Europe, and other high-income countries
such as Republic of Korea and Australia mandate the assessment and
management of chemical use and their release into the environment,
including endocrine disrupting chemicals (EDCs). The challenge is that
current testing and assessment methods cannot keep pace. Endocrine
disruption continues to be an issue of concern highlighted by the review
of potentially related disorders worldwide, in both humans and wildlife,
which suggest the continual increase in trends despite global efforts to
assess and manage chemical use (Delbes et al. this issue; Lacouture et al.
this issue; Marlatt et al. this issue; Martyniuk et al. this issue; Robaire
et al. this issue; Thambirajah et al. this issue; Plante et al. this issue;
Vaudin et al. this issue).

An EDC is an “exogenous substance or mixture that alters function(s)
of the endocrine system, and consequently, causes adverse health effects
in an intact organism, or its progeny, or (sub)populations,” while “a
potential endocrine disrupter is an exogenous substance or mixture that
possesses properties that might be expected to lead to endocrine
disruption in an intact organism, or its progeny, or (sub)populations”
according to the Organization for Economic Cooperation and Develop-
ment (OECD), the World Health Organization (WHO), and the United
Nations Environment Programme (Bergman et al., 2013; IPCS, 2002;
OECD, 2018). Other organizations, like the government of Canada, use a
more mechanistically-based definition, for example, a “substance having
the ability to disrupt the synthesis, secretion, transport, binding, action,
or elimination of natural hormones in an organism, or its progeny, that
are responsible for the maintenance of homeostasis, reproduction,
development or behaviour of the organism” (section 43 of the Canadian
Environmental Protection Act, 1999 (CEPA; CEPA, 1999). The latter em-
phasizes the mechanisms of action rather than the associated negative
health consequences.

Generally, there are three major phases that govern chemical regu-
lation, including those with the capacity to cause hormone disruption.
These include 1) the collection of hazard (e.g., through in vivo, in vitro,
and in silico analysis) and (in some cases) exposure data; 2) risk assess-
ment based on available information to determine whether a manage-
ment measure is needed to mitigate risk; and 3) a risk management
decision to control, reduce, or prevent the potential for harm.

Over the last decades, there has been increasing attention on
methods to identify and assess EDCs, particularly those influencing es-
trogen, androgen, thyroid signalling pathways as defined by the United
States Environmental Protection Agency (US EPA) Endocrine Disruptors
Screening & Testing Advisory Committee (EDSTAC, 1998)) and/or ste-
roid hormone synthesis (collectively referred to as EATS). In addition,
recognition of important challenges and examples of chemicals, such as
tributyltin, that cause ED-related adverse effects in full life cycle toxicity
studies but act via mechanism(s) not robustly detected by assays vali-
dated to detect EATS modes of action. In this case, tributyltin impacts
reproductive and metabolic physiology primarily through interaction
with the retinoid X receptor (RXR) and peroxisome
proliferator-activated receptor gamma (PPARy) nuclear receptors
(Lagadic et al., 2018). As such, there is concern that a broader set of tests
for endocrine responses are needed within the framework of chemical
toxicity evaluation to cover additional potentially hazardous modes of
action of EDCs (Lagadic et al., 2018).

To enhance the identification and assessment of EDCs, organizations
internationally and across sectors have proposed and utilized an array of
in silico modelling approaches and alternative test methods to generate
primary data to inform the potential for altered endocrine activity and
adverse effects following chemical exposures. Rapid advances in the
understanding of the molecular mechanisms leading to EDC action
permit consideration of these novel tools and approaches for predicting
hazards for hazard/risk assessment of chemicals with endocrine dis-
rupting potential. Use of alternate approaches to identify risks promises
a more expedient, science-based approach needed particularly for the
many new and data-poor chemicals present in commerce and being
introduced on an ongoing basis to the market. Moreover, alternative
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assays that probe potential effects of chemicals on protein targets that
influence hormone production, action and/or metabolism identify ED
mode of action to satisfy a key regulatory requirement for defining an
EDC.

Herein, we aim to describe the current status of regulatory re-
quirements and the approaches used for risk assessment of EDCs by the
international community to position Canada in a global context and to
identify the deficiencies and challenges focusing mainly on industrial
chemicals, but which may also apply to other substances a such as
cosmetics, pharmaceuticals, and pesticides. Importantly, opportunities
to integrate novel methods and mechanistic-based information to
advance the identification and assessment of endocrine active sub-
stances in Canada will be highlighted. This work underscores a novel
shift in the focus of international endocrine disruptor screening pro-
grams, namely, from decision making relying largely on hazard data
from animal toxicity tests, to tiered assessment based primarily on
alternate data sources. Incorporating New Approach Methodologies
(NAMs), including data from in silico predictions, simple in vitro mech-
anistic models, and novel assays with more complex levels of biological
organization in hazard assessment, all linked through Integrated Ap-
proaches to Testing and Assessment (IATA) and consideration of
Adverse Outcome Pathways (AOPs) will provide a more efficient risk-
based screening and assessment approach (eg. Tollefsen et al., 2014)
to assess EDCs and potential EDCs.

2. Regulatory approaches for the assessment of EDCs — harmony
in the haystack?

2.1. Current international approaches for EDC screening and assessment

Internationally, there is widespread interest in advancing assessment
methods for EDCs; however, differing legislation, data requirements,
and approaches used across regulatory programs introduce complexity
to identification and decision-making related to these substances. As the
specific details of all regulatory frameworks that address EDCs through
the world were documented in a report to the UN Environmental Pro-
gramme (IPCP, 2017), this section is restricted to the review of a few
significant initiatives. The US EPA has established the Endocrine
Disruption Screening Program (EDSP) to implement requirements for
chemicals regulated under the Federal Food, Drug, and Cosmetic Act
(FFDCA), the Federal Insecticide, Fungicide and Rodenticide Act
(FIFRA), and the Safe Drinking Water Act (SDWA) to be screened for
their endocrine disrupting potential using a tiered testing approach.
Through the establishment of the EDSTAC, the US EPA developed a
scientifically defensible screening program to identify and characterize
chemicals that disrupt the endocrine system. This resulted in the EDSP, a
two-tiered system consisting of bioassays that focus on identifying
chemicals with endocrine activity interfering with estrogen, androgen,
and thyroid hormone mediated actions (Table 1) (EDSTAC, 1998).

More recently, the Frank R. Lautenberg Chemical Safety for the 21st
Century Act (amending the Toxic Substances Control Act; US Govern-
ment, 2016), encouraged the use of novel, non-animal toxicity testing
strategies for prioritizing and managing chemicals as the primary
approach to chemical regulation. Accordingly, the US EPA considers the
data generated under the EDSP21, which tests chemicals in a tiered
fashion, to identify endocrine activity and establish dose-response re-
lationships, together with other available toxicity data (i.e., sub-chronic,
chronic, developmental, and reproductive studies) to set priorities for
further testing and to replace some of the animal tests used for hazard
and risk assessment.

In Europe, soon after the recognition of the significance and
complexity of EDCs, the European Commission adopted the “Commu-
nity Strategy for Endocrine Disruptors” (Commission of the European
Communities, 1999) describing short, medium, and long-term actions.
The strategy included the establishment of a priority list of substances
for further evaluation, development and validation of testing
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Table 1
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Comparison of Regulatory Programs, Approaches and Data Requirements in Canada and Internationally, with a focus on legislation, policies, and guidelines. Details on
countries’ list of bioassays can be found in Robitaille et al. (this issue).

Country

Mandate

Approaches

Data Requirements

Canada

United
States

European
Union

CEPA’s New Substances Program

New substances

not listed on the Domestic Substances List
(DSL) and that are imported into or
manufactured in Canada are subject to the New
Substances Notification Regulations

CEPA’s Existing Substances Program
Substances listed on the DSL are prioritized and
assessed

- Assess provided information on the notified substance,

as well as:

Read across information

Structure-activity relationships

- Information from in silico models

- Assessments from other jurisdictions

- Review of scientific literature

In risk assessment, additional assessment factors added

where uncertainty remains or where additional safety is

considered appropriate regarding endocrine activity/

disruption.

Risk management measures can be taken if concern with

potential risk is identified.

- Assessment of studies for/on the substance in the
literature, or from surveys

- Read across information

- Structure-activity relationships

Information from in silico models

Assessments from other jurisdictions

Review of scientific literature

In risk assessment, additional assessment factors added

where uncertainty remains or where additional safety is

considered appropriate.

Risk management measures can be taken if concern with

risk is identified.

In the NSNR, no data specific to endocrine disruption/
activity/effects for human health or the environment
are required. Importers or manufacturers of new
substances should provide this information in their
New Substances Notification submission if they have
this data in their possession.

Required studies for greatest import/manufacture
quantity trigger:

acute, repeated-dose, genotoxicity, skin irritation and
skin sensitization studies: none of these are specific for
detection of endocrine disruption.

No data submission requirements for toxicity data,
including for endocrine disruption.

TSCA amended under the Frank R. Lautenberg
Chemical Safety for the 21st Century Act: new
substances

TSCA amended under the Frank R. Lautenberg
Chemical Safety for the 21st Century Act:
existing substances

FFDCA, FIFRA, and SDWA

- Chemical grouping

- Read across information

- Structure-activity relationships

- Information from in silico models

- Exposure-based policy under Section 5 of TSCA
Physicochemical properties of chemical substances are
used to estimate environmental transport and fate,
exposure, and toxicity to mammalian and aquatic species
(Instruction Manual for Reporting Under the TSCA §5
New Chemicals Program, 2015).

The three stages of EPA’s process for ensuring the safety
of existing chemicals are prioritization, risk evaluation,
and risk management.

Endocrine Disruption Screening Program (EDSP)
(See Section 4.1)

Tier 1 test battery:

Suite of five in vitro (5) and in vivo (6 short-term)
screening assays to identify the potential to interact
with the estrogen, androgen, or thyroid hormonal
systems (mammalian, non-mammalian)

Tier 2 test battery:

— 3 longer term in vivo bioassays for fish and
amphibians covering multiple life stages

-further identifies adverse endocrine-related effects and

establishes a quantitative relationship between exposure

and adverse effect

EDSP in the 21st Century (EDSP 21)

Goal is to increase the amount of relevant data
available for a broader spectrum of chemicals

Sets priorities for further testing

- Replaces some animal tests in the EDSP Tier 1

- HTP data are shared through a public online database
for transparency and to support global assessment of
EDCs (https://comptox.epa.gov/dashboard/chemica
1_lists/toxcast_e1k)

No data specific to endocrine disruption/activity/
effects for human health or the environment.

Any test data on the health and environmental effects
of the new chemical substance, including physical/
chemical properties data, in the notifier’s possession or
control, and a description of any other health and
environmental effects data on the substance known to
or reasonably ascertainable by the notifier are required
(Instruction Manual for Reporting Under the TSCA §5
New Chemicals Program, 2015).

Tiered testing strategy in the Endocrine Disruptor
Screening Program (EDSP) Tier 1 Assessments

ECHA REACH

- Criteria for identification of endocrine disruptors
under REACH are based on the WHO definition of
endocrine disruptors (EU fitness check document on
endocrine disruptors, 2020)

Distinction is made between endocrine disrupting
effects on human health and effects on the
environment (EU fitness check document on endocrine

disruptors, 2020)

-Standard data requirements under REACH include
only a portion of the information and standardized
tests for evaluating chemicals for endocrine disruption
outlined in the Conceptual Framework of OECD
Guidance Document 150 (EU fitness check document
on endocrine disruptors, 2020)

(continued on next page)
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Table 1 (continued)
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Country Mandate

Approaches

Data Requirements

- Endocrine disrupting properties can be used as
evidence to support a chemical being considered as
substances of very high concern (SVHC)

Goal is to reduce the use of substances identified as
SVHC

SVHC may be placed on the authorization list and use
can be prohibited unless ECHA grants authorization
Substances with wide dispersive use, high volumes, or
that have persistent, bioaccumulative, or toxic
properties (PBT or vPvB) are given priority for
determination of placement on the authorization list

Japan SPEED

EXTEND 2010

EXTEND 2016

Focused on researching and testing those substances
that present significant exposure to humans and
wildlife

- Identified 67 suspected endocrine disruptors for
further investigation in 1998 (ChemSafetyPRO, 2016
cited in Chemicals Management Plan Science
Committee report, 2018)

Narrowed initial list down to 65 substances in the year
2000 (ChemSafetyPRO, 2016 cited in Chemicals
Management Plan Science Committee report, 2018)
Program meant to accelerate establishing and
implementing assessment methodologies
(ChemSafetyPRO, 2016 cited in Chemicals
Management Plan Science Committee report, 2018)
Goal is to assess environmental risk of substances as a
result of endocrine disrupting effects and act with risk
management measures if appropriate
(ChemSafetyPRO, 2016 cited in Chemicals
Management Plan Science Committee report, 2018)
If the results of the program indicate that a substance
has endocrine disrupting properties, the substance will
be regulated under Japan’s CSCL and can be subject to
restrictions or even banned (ChemSafetyPRO, 2016
cited in Chemicals Management Plan Science
Committee report, 2018)

Focuses on hazard and risk assessment in support of
regulatory risk management decisions (Chemicals
Management Plan Science Committee report, 2018)
Assessment framework will be integrated into existing
regulatory assessment practices

- includes setting:

- environmental water quality standards;

- a tiered risk assessment for industrial chemicals
under the Chemical Substances Control Law
(CSCL);

- standards for registration decisions under the
Agricultural Chemicals Regulation Law

(Chemicals Management Plan Science Committee report,
2018)

Under this program, volume and use information for
specific chemicals gathered from the CSCL annual
reporting and the Pollutant Release and Transfer
Register (PRTR) report was intended to help
authorities select candidate chemicals that need
prioritization for endocrine disruption testing under
this program. (ChemSafetyPRO, 2016 cited in
Chemicals Management Plan Science Committee
report, 2018)

Australia AICIS - Industrial Chemicals Act 2019,

Industrial Chemicals Rules 2019

During categorisation of chemical importation or
manufacture:

- Human health adverse effects mediated by an
endocrine mode of action are placed in hazard band C
(hazard characteristics of most concern; Step 4.4
Human health hazard Band C hazard characteristics of
the Guide to categorising your chemical importation
and manufacture, 2020); results in a human health risk
classification of low (for low exposure, exposure band
1) or medium to high (for greater exposures, exposure
bands 2 to 4; Step 4.5 of the Guide to categorising your
chemical importation and manufacture, 2020)
Environmental adverse effects mediated by an
endocrine mode of action are placed in hazard band D
(hazard characteristics of most concern; Step 5.4
Environment hazard band D hazard characteristics of
the Guide to categorising your chemical importation
and manufacture, 2020); results in an environmental
risk classification of medium to high (Step 5.5 Your
environment risk for categorisation of the Guide to
categorising your chemical importation and
manufacture, 2020)

Medium to high risk for either human health or
environment results in an introduction category of

No data specific to endocrine disruption/activity/
effects for human health or the environment.

Data requirements vary depending on human health,
environment, or both focus of the assessment.

For ‘health focus’, ‘environment focus’, and ‘health
and environment focus’ ‘assessed’ substances, data
requirements are similar to the data requirements
under CEPA’s NSNR for human health and
environment (exception being the AICIS requirement
for eye irritation data). Other toxicity data (e.g.,
toxicity to reproduction) are to be provided ‘if
available’.

(continued on next page)
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Country Mandate Approaches

Data Requirements

‘assessed’ (with a human health, environment, or both,
focus; Step 6 Complete your categorisation of the
Guide to categorising your chemical importation and

manufacture, 2020)

- If the introduction is categorised as ‘assessed’, the
notifier must be registered with the AICIS and apply for
an assessment certificate before they can introduce the
chemical into Australia (Step 6 Complete your
categorisation of the Guide to categorising your
chemical importation and manufacture, 2020)

CIS site

AICIS: Australian Industrial Chemicals Introduction Scheme; CEPA: Canadian Environmental Protection Act [New Substances Notification Regulations (Chemicals &
Polymers)]; CSCL: Japanese Chemical Substances Control Law; DSL: Domestic Substances List; ECHA: European Chemicals Agency; EXTEND: Extended Tasks on
Endocrine Disruption; FIFRA: Federal Insecticide, Fungicide and Rodenticide Act; FFDCA: Federal Food, Drug, and Cosmetic Act; NSNR: New Substances Notification
Regulations; REACH: Registration, Evaluation, Authorisation and Restriction of Chemicals; SDWA: Safe Drinking Water Act; SPEED: Strategic Program on Environ-

mental Endocrine Disruptors; TSCA: Toxic Substances Control Act.

methodologies, and coordination of strategies with other countries
(USA, Japan) as well as with the WHO. In parallel, under certain Eu-
ropean legislation, evidence that a chemical is an EDC may be used to
inform hazard-based restrictions (Parrott et al., 2017; Solecki et al.,
2017). In the EU, the European Chemicals Agency (ECHA) considers
endocrine disrupting potential, while implementing the Regulation on
Registration, Evaluation, Authorisation, and Restriction of Chemicals
(REACH) (ECHA, 2021A), and the Regulation on the Classification,
Labelling, and Packaging of Substances and Mixtures (CLP) (ECHA,
2021B). Specific groups of chemicals, such as biocides, pesticides,
pharmaceuticals, or cosmetics, are covered by their own legislation. In
addition, the European Commission has addressed the challenges posed
by endocrine disruptors, noting that they cause many different adverse
health effects and require special attention. Each EU legislation has
accepted the definition of EDCs used by the International Programme on
Chemical Safety/WHO (IPCS/WHO), and are considered substances of
very high concern (SVHC) under REACH. In this regard, endocrine dis-
rupting properties can be used as evidence to support that a chemical has
an equivalent level of concern to substances with other properties that
result in SVHC classification; these include carcinogens, mutagens, toxic
to reproduction (commonly referred to as CMR substances), persistent,
bioaccumulative, or toxic (PBT/vPvB) (Andersson et al., 2018).

Most recently, the Joint Research Centre (JRC), the EU Commission’s
independent advisory body on science and knowledge to support EU
policy, carried out a Fitness Check on EDCs and concluded that there is a
need to consolidate legislation on EDCs and to improve testing (EC,
2020). In this regard, the JRC has identified key needs to improve the
protection of human and ecosystem health from exposure to potential
EDCs. These include the need to: 1) review and strengthen information
requirements on EDCs to aid their identification; 2) include potential
effects on vulnerable groups; 3) provide consolidated legislation for risk
management; 4) focus on better health and ecosystems indicators to
evaluate effectiveness of EU laws; and 5) support the development,
validation, and regulatory acceptance of New Approach Methodologies
(NAMs) for testing (e.g., in vitro and in silico approaches) consistent with
objectives to reduce use of animals.

Asia has also been active in the area of EDCs. The Ministry of Envi-
ronment (MoE) of Japan launched a series of initiatives to assess eco-
toxicity of EDCs, developed a two-tier testing assessment based on risk
that is integrated into existing regulatory assessment frameworks
(Table 1; Manibusan and Touart, 2017). Consistent with the two-tier
approaches described, China created the industrial standard “Evalua-
tion method of pesticide endocrine disrupting effects” (Chinese Standard
NY/T2873-2015) that came into effect in 2016. The objective of this
industrial standard is to evaluate the endocrine activity of pesticides.
The first tier has two in vitro bioassays in human cell lines, while the
second tier includes five in vivo bioassays in rats (IPCP, 2017).

Bringing international organizations together to discuss issues of

mutual interest, to harmonize policies and scientific approaches and to
work together to respond to emerging issues of concern is the central
role of Organization of Economic Cooperation & Development (OECD).
The Test Guidelines Program of the OECD promulgates toxicity assays
intended to be the standard assays to characterize chemical hazards to
meet the needs of chemical and environmental regulation in all OECD
member countries and prevent redundant testing. In 1998, the OECD
began to revise existing and develop new test guidelines for the
screening and testing of EDCs. Since then, many novel and modified test
guidelines have been added while many others are in development.
These test guidelines are contained within the OECD Conceptual
Framework for the Screening and Testing of Endocrine Disrupting
Chemicals (Revised Guidance Document 150; OECD, 2018), which will
continue to evolve as new assays are developed. The framework is not
intended to be a testing strategy, but a guide to the tests available to
provide information on the assessment of endocrine disruption under
any of the programs delivered by competent authorities in stakeholder
nations. It is divided into five levels (Table 2) ranging in complexity
from non-test information or non-EDC assay data (i.e.,
physical-chemical properties, read-across, and in silico predictions)
(Level 1); rapid molecular or cell-based assays (Level 2); in vivo mech-
anistic assays (Level 3); in vivo assays indicating adverse outcomes
(Level 4); and full or partial life-cycle assays (Level 5). The framework,
in conjunction with a guidance document on the assessment of chem-
icals for endocrine disruption (OECD, 2018), was designed to allow
flexibility in the use of information and allow regulatory authorities to
be able to take action based on the available data on a case-by-case basis.

2.2. Current approaches for addressing chemicals with endocrine
disrupting potential in Canada

In Canada, municipalities, provinces/territories, and the federal
government all work to protect Canadians and the environment from the
risks from chemical exposures but this section will be confined to the
federal role. Canada’s federal government uses legislation, regulations,
and policies to safeguard the general public and the environment from
harm due to exposures to or releases of chemicals, and these structures
govern the assessment of risk to human health and the environment. The
responsibility for chemical regulation is conferred by multiple laws: the
Canadian Environmental Protection Act, 1999 (CEPA, 1999), the Pest
Control Products Act (PCPA, 2002), the Canada Consumer Products Safety
Act (CCPSA 2010), the Food and Drugs Act (FDA, 1985), the Controlled
Drugs and Substances Act (CDSA, 1996). Although CEPA is the only one of
these Acts to specifically mention the concept of endocrine active
chemicals, endocrine disruption is a recognized mechanism of chemical
toxicity and data on adverse outcomes potentially induced by some
mechanisms of EDCs are required under the policies enacted to meet the
needs of multiple chemical regulatory laws.
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The Canadian Environmental Protection Act, 1999 (CEPA), confers the
responsibility to manage human health and environmental impacts of
industrial chemicals and mandates an evidence-based approach to
assessing and implementing government action on chemicals. CEPA
does not explicitly require the identification of chemicals as EDCs;
however, the risk-based approach used to assess new and existing sub-
stances includes consideration of hazardous properties, including those
related to an endocrine mode of action as one of many modes of action
related to adverse outcomes, and the nature of the exposure that takes
place. Under the Chemicals Management Plan (CMP) launched in 2006,
Health Canada and Environment and Climate Change Canada work
jointly on the large-scale effort to assess the potential for risk to the
environment and to Canadians associated with exposure to industrial
substances and take action, as appropriate, on those found to be harm-
ful. Assessments under the CMP consider multiple sources of informa-
tion and lines of evidence in the scientific literature from epidemiologic
studies and available effects information, including those for repro-
duction and development endpoints. CEPA sets criteria for screening
and assessment of new substances (chemicals, polymers, and living or-
ganisms) manufactured in and imported into Canada. Under the New
Substances Notification Regulations — Chemicals & Polymers (NSNR) of
CEPA, importers and manufacturers of new substances must provide
data to the New Substances Program following specific criteria, such as
quantity triggers (Canada, 2005). The required toxicity information may
include repeated-dose mammalian toxicity testing, while not specifically
designed for detection of endocrine disrupting potential can, to a limited
extent, be used to identify potential endocrine-related adverse effects
(Canada, 2018).

In conducting a risk assessment, the concepts and approaches used
are similar to those applied by other jurisdictions and include the
application of weight of evidence and precaution. Substances are eval-
uated using information related to 1) substance properties, 2) hazard (as
a calculated no effect level based on the dose-response relationship of
critical adverse effects and considering vulnerable populations) and 3)
actual or predicted exposure based on sources, uses, handling and
disposal. This information is compared to characterize the overall risk of
a substance or group of substances. The risk assessment estimates the
potential for risk to humans and/or the environment as the ratio be-
tween adverse effect levels (based on point of departure) and estimated
exposure levels, or the Margin of Exposure (Beronius and Vandenberg,
2015). A simplified assessment of risk to the environment involves
calculating a ratio of the Predicted Environmental Concentration (PEC)
to the Predicted No Effects Concentration (PNEC) is used, where
PEC/PNEC <1 is evidence of low environmental risk (Okonski et al.,
2020). Chemicals known to be in commerce in Canada (referred to as the
Domestic Substances List, DSL) were prioritized through Categorization
on the basis of persistence, bioaccumulation, and inherent toxicity to set
the assessment phases of the CMP beginning in 2006. Throughout the
three phases of the CMP (2006-2020), as Canada progressively
addressed the original 4300 chemicals identified as priorities, several
substances with endocrine-related effects have been assessed and
managed as appropriate including: perfluorooctanoic acid (PFOA) and
its  salts, polybrominated diphenyl ethers (PBDE), hex-
abromocyclododecane (HBCD), phthalates, bisphenol A (BPA), and
certain flame retardants. Consideration of the potential for a chemical to
possess hazardous properties — including potential to disrupt hormonal
signalling - continues to be an important aspect of chemicals manage-
ment under CEPA, both in the identification and prioritization of sub-
stances for further work (Canada, 2021a,b), and in the hazard
assessment and characterization of potential for risk.

A common challenge under the CMP for assessment of both new and
existing substances is that the datasets are often limited. New Substances
mandates data as part of the NSNR, but the data requirements are
limited, including data that inform ED modes of action, and under the
purview of this program a grouping approach is not taken for its as-
sessments. Whereas under the Existing Substances program, there are no
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Table 2

Conceptual framework for testing and assessment of endocrine disrupting
chemicals based on the OECD Test Guidelines Program (modified from OECD,
2018).

Level 1
Existing Data and
existing or new non-
Test Information

Physical & chemical properties, e.g., MW reactivity,
volatility, biodegradability. All available (eco)
toxicological data from standardized or non-
standardized tests. Read across, chemical categories,
QSARSs, other in silico predictions, and ADME
predictions.

Level 2
In vitro assays providing
data about selected
endocrine mechanism
(s)/pathways(s)

Estrogen (OECD TG 493) or androgen receptor binding
affinity (US EPA TG OPPTS 890.1150)

Estrogen receptor transactivation (OECD TG 455, ISO,
19040-3), yeast estrogen screen (ISO, 19040-1 & 2).
Androgen receptor transactivation (OECD TG 458).
Steroidogenesis in vitro (OECD TG 456).

Aromatase assay (US EPA TG OPPTS 890.1200)

Other in vitro or cell free assays when validated

Non-Mammalian
Toxicology

Mammalian Toxicology

Level 3
In vivo assays providing
data about selected
endocrine mechanism
(s)/pathway(s)

Uterotrophic assay
(OECD TG 440).
Hershberger assay
(OECD TG 441).

Amphibian
metamorphosis assay
(OECD TG 231).

Fish short-term
reproduction assays
(OECD TG 229;

TG 230).

Androgenized female
stickleback screen (AFSS)
(OECD GD 148).

EASZY Assay. Detection
of Substances Acting
through Estrogen
Receptors using
Transgenic cyp19alb GFP
Zebrafish Embryos
(OECDTG 250).
Xenopus embryonic
thyroid signalling assay
(XETA) (OECD TG 248).
Juvenile medaka anti-
androgen screening assay
(JMASA) (draft OECD
GD).

Short-term juvenile
hormone activity
screening assay using
Daphnia magna (draft
OECD TG).

Rapid androgen
disruption adverse
outcome reporter
(RADAR) assay (draft
OECD TG).

Level 4
In vivo assays providing
data on adverse effects
on endocrine relevant
endpoints

Repeated dose 28-day Fish sexual development
study oral dosing (OECD test (FSDT) (OECD TG
TG 407), inhalation 234).

(OECD TG 412).) or Larval Amphibian
dermal (OECD TG 410) Growth & Development
Repeated dose 90-day Assay (LAGDA) (OECD
study oral dosing (OECD TG 241).

TG 408); dermal Avian Reproduction
exposure (OECD TG Assay (OECD TG 206).
411); oral, non-rodent Fish early life stage
(OECD TG 409); (FELS) toxicity test
inhalation (OECD TG (OECD TG 210).

413) New guidance document
Pubertal development on harpacticoid copepod
and thyroid function development and

assay in peripubertal reproduction test with
male rats (PP male assay) ~ Amphiascus (OECD GD
(US EPA TG OPPTS 201).

890.1500) Snail reproduction test
Pubertal development (OECD TG 242;.TG 243)
and thyroid function Chironomid Toxicity Test

(continued on next page)
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Table 2 (continued)

assay in peripubertal
female rats (PP female
assay) (US EPA TG
OPPTS 890.1450)
Prenatal developmental
toxicity study (OECD TG
414).

Combined Chronic
toxicity and
carcinogenicity studies
(OECD TG 451-3).
Reproduction/
developmental toxicity
screening test (OECD TG
421).

Combined repeated dose
toxicity study with the
reproduction/
developmental toxicity
screening test (OECD TG
422).

(TG 218 & TG 219).
Daphnia Magna
reproduction test (with
male induction) (OECD
TG 211).

Earthworm Reproduction
Test (OECD TG 222).
Enchytraeid
Reproduction Test (OECD
TG 220).

Sediment Water
Lumbriculus Toxicity Test
Using Spiked Sediment
(OECD TG 225).
Predatory mite
reproduction test in soil
(OECD TG 226).
Collembolan
Reproduction Test in Soil
(OECD TG 232).

Level 5
In vivo assays providing
more comprehensive
data on adverse effects
on endocrine relevant
endpoints over more
extensive parts of the
life cycle of the
organism.

Extended one-generation
reproductive toxicity
study (EOGRTS) (OECD
TG 443).
Two-generation
reproduction toxicity
study (OECD TG 416,
most recent update).

Fish Life Cycle Toxicity
Test (FLCTT) (US EPA TG
OPPTS 850.1500).
Medaka Extended One-
Generation Reproduction
Test (MEOGRT) (OECD
TG 240).

Avian two-generation
toxicity test in the
Japanese quail (ATGT)
(US EPA TG OCSPP
890.2100/740-C-15-
003).

Sediment Water
Chironomid Life Cycle
Toxicity Test (OECD TG
233).

Daphnia Multigeneration
test for assessment of
EDCs (draft OECD TG).
Zebrafish extended one-
generation reproduction
test (ZEOGRT) (draft
OECD TG).

data requirements, information is gathered from a wide variety of
published and unpublished sources and similar chemicals are often
grouped to support read-across of toxicity data and risk assessment.
Although, to date, Canada has not formally implemented tiered testing
and assessment approaches to support risk assessment of new or priority
existing substances, alternative data sources are routinely integrated to
support the consideration of potential endocrine disrupting effects, and
are accepted by the New Substances Program, usually as part of a weight
of evidence approach. These include in silico models, in vitro assays, read-
across as well as information from other regulatory jurisdictions.
Further, data generated by Government of Canada’s scientists on EATS-
based effects and other EDC-relevant mechanisms are used, as appro-
priate, to inform both ecological and human health assessments.

3. Limitations to assessing and regulating EDCs using traditional
approaches

When assessing the potential for risk to human health and the
environment, endocrine disruption is one of many potential mechanisms
through which chemicals can induce adverse effects. Currently, there
are standardized short-term animal studies developed specifically to test
substances for in vivo endocrine activity (e.g., Uterotrophic Assay OECD
TG 440, Hershberger Assay OECD TG 441; Amphibian metamorphosis
assay OECD TG 231) however, these assays each test only for a limited
range of endocrine activity and have limited value for hazard
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characterization. More complex test guidelines examine the effects of
chemical exposures throughout the life cycle and provide hazard char-
acterization data for effects on most reproductive and developmental
impacts of EATS in mammalian and other vertebrate models. Notably,
these are among the costliest and most animal-intensive toxicity studies
that have been developed. These traditional biological tests — Level 5 in
the conceptual framework (Table 2) and detailed in OECD Test Guide-
lines and Guidance Documents (OECD No. 150; OECD, 2018) - are
considered the highest relevance for hazard characterization and form
the foundation for regulatory programs in Canada and worldwide. The
difficulty is that there are only a limited number of chemicals manage-
ment programs that explicitly require broad testing for industrial
chemicals. Consequently, there are incomplete data on most chemicals
resulting in higher uncertainty and limited ability to identify chemicals
with potential for endocrine mechanisms of action.

When data are available, further considerations may limit the
interpretation and identification of EDCs. The animal model, the life
stages tested, and the exposure designs in standard toxicological tests
may not uncover the true and broad spectrum of potential adverse
outcomes (Frye et al., 2012; Futran Fuhrman et al., 2015; Parrott et al.,
2017). Accumulating evidence highlights that known effects induced by
some EDCs can be challenging to detect in conventional animal toxicity
studies; and like endogenous hormones, they may exhibit complex
dose-response curves, act at low concentrations (Gore et al., 2015),
display life stage or species sensitivities, and may not be detected by
validated test methods (including developmental neurotoxicity and
metabolic disruption as a few examples). Depending on the nature of
EDCs and the levels/timing of exposure, adverse outcomes may be
evident at birth, or may manifest only in adulthood or, possibly gener-
ations later (Gore et al., 2015; Robaire et al. this issue). Moreover, the
cost in resources, animals, and time needed to conduct the many large
guideline studies required for full characterization of EDC effects is
prohibitive and unsuitable to consider the spectrum of endocrine dis-
rupting effects, including those that may occur following exposure to
combinations of EDCs that humans may encounter. On the other hand,
the research studies examining the toxicity of EDCs often use new
methods and take into consideration parameters which can supplement
the information provided by the standardized studies (Beronius and
Vandenberg, 2015). Further, they are often more sensitive and relevant
for the identification and evaluation of EDCs. The effective integration
of the results of emerging research is necessary and supports the
movement toward integrated approaches to testing and assessment,
including consideration of NAMs.

As with all toxicology assessment, transition from the traditional
animal