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AOP-informed IATA Development for Regulatory Purposes: A Case Study
on Thyroid Hormone Disruption
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Thyroid disease

Cases per year
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Neurodevelopmental diseases
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Chemicals and thyroid disease

Congenital hypothyroidism in US
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Bisphenol A and thyroid hormone

General adult population of Korea (n = 6003)
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BPA, DEHP, and DBP are important
determinants of THs of Korean adults

(Park CH et al., 2017, Sci Total Environ)



Benzophenone 3 and thyroid hormone

General population of US (age 12 year and older n =

1829)
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Major endocrine disrupting chemicals

. AH|XEHIE, MEBFEH E

. Brommated and phosphorylated flame retardants; 22 2| O| E
T ; Perfluoroalkyl substances (PFASs)

- HM=EAH
* Organophosphate pesticides; Triazoles and other fungicides;
Pyrethroids ; Neonicotinoids



Major EDCs are thyroid disruptors

Molecular and Cellular Endocrinology 355 (2012) 240-248

Contents lists available at SciVerse ScienceDirect

Molecular and Cellular Endocrinology

journal homepage: www.elsevier.com/locate/mce

Review
Thyroid effects of endocrine disrupting chemicals

Malene Boas **, Ulla Feldt-Rasmussen ?, Katharina M. Main @

#Department of Growth and Reproduction GR, Rigshospitalet, University of Copenhagen, Denmark
b Department of Medical Endocrinology PE, Rigshospitalet, University of Copenhagen, Denmark

ARTICELE I NFO ABSTRACT
Article history: In recent years, many studies of thyroid-disrupting effects of environmental chemicals have been pub-
Available online 10 September 2011 lished. Of special concern is the exposure of pregnant women and infants, as thyroid disruption of the
developing organism may have deleterious effects on neurological outcome. Chemicals may exert thyroid
Keywords: effects through a variety of mechanisms of action, and some animal experiments and in vitro studies have
;21\”0@ focused on elucidating the mode of action of specific chemical compounds. Long-term human studies on
yroxine

effects of environmental chemicals on thyroid related outcomes such as growth and development are still

Egcéomne disruplees lacking. The human exposure scenario with life long exposure to a vast mixture of chemicals in low doses
Chemibedis and the large physiological variation in thyroid hormone levels between individuals render human stud-

ies very difficult. However, there is now reasonably firm evidence that PCBs have thyroid-disrupting



Chemicals are increasing (Korea)

600

500

400

300

200

100

Chemical amount in market

500.7

417.9 432.5
287.4
1754 I

1998 2002 2006 2010 2014

(Source: National Health Insurance Service DB; Ministry of Environment)



Potential EDCs are growing
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Toward
substitution
with no
regrets

Advances in chemical
design are needed to
create safe alternatives
to harmful chemicals

By Julie B. Zimmerman
and Paul T. Anastas

ast numbers of synthetic chemi
cals are used in everyday consumer
products. Many are safe, but some
can have unintended biological or
environmental effects. For example,
phthalates are widely used to increase
the fexibility of plastics but also disrupt
bormonal balance (7). Organophosphates
are highly effective insect repellents but
cause severe neurotoxicity to mammals (2).
In many cases, chemicals of concern have
been replaced by other chemicals that are
functionally equivalent and believed to be
ofless concern (see the photo). However, the
need for expedient substitution can lead to
the use of chemicals that are noless harmful
than those they replace. How can such ‘re
grettable substitutions” be avoided?

‘There have been many examples of regret
tble substitution over the years. The ex
ample gaining most attention recently is the
substitution of bisphenol S (BPS) for bisphe-
nol A (BPA) (see the figure, panel A). BPA is
widely used to make clearand rough plastics,
used in water bottles, sports equipment, and
CDs and DVDs; it is also used in food and
beverage can coatings (where it helps to pro-
tect food from contamination and spoilage)

1198 13 MARCH 2015 + VOL 347 1SSUE 6227

Immune therapies
for sepsis p. 201
Meeting demand for rare

earth minerals p. 209

Replacement troubles. Inmany
plastic baby botles, bisphenol
A(BPA) hasbeen replacedwith
bisphenol S (BPS). but the latter
compoundmay also have adverse
health effects.

sclencemag org SCIENCE

Science 2015



Lack of test methods

» Thyroid axis

= Developmental neurotoxicity
= Metabolic disorders

= Female reproduction

= Non-genotoxic carcinogenicity

Endocrine Causality/correlation

mode of
action (“and consequently”)

Adverse

effect

Regulation of the Plant Protection Products (EC1107/2009)
Regulation of Biocidal Products (EU 528/2012)
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European development

Horizon 2020 Call 4-6 million € per project/52

million € total

RESEARCH & INNOVATION

Participant Portal
tasearch B Innovation > Participant Portal > Opportunitias

TOPIC: New testing and screening methods to identify endocrine
disrupting c henu. als

...... (=R =) Topic identifier:

Types of action:
DeadlineModel:

Opening date: Deadline:

Focus of RFP
Thyroid axis
= Developmental neurotoxicity
= Metabolic disorders
» Female reproduction
= Non-genotoxic carcinogenicity

ATHENA Assays for the identification of thyroid hormone axis-disrupting Thyroid hormone

chemicals: elaborating novel assessment strategies
Andreas Kortenkamp, UK (10 partners)

disruption
Cathena

ERGO Breaking down the wall between human health and environmental Thyroid hormone

testing of endocrine disrupters: endocrine guideline optimisation disruption o
Henrik Holbech, DK (15 partners) &)ERGO
SCREENED A multistage model of thyroid gland function for screening In vitro assays, thyroid
endocrine-disrupting chemicals in a biologically sex-specific manner disruption e

Lorenzo Moroni, NL (9 partners)
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Thyroid hormone regulation is complex

Persistent organic pollutant2| 0j]

‘(J E;’
Hypothalamus | | TRB2
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) of THs
(6). Metal?olism Thyroid TSH \
in the liver - gland (1)
_.er(6) ¢ NIS |-
UDPGT, Cyt P450, EROD, (2) Transport
MROD, PROD proteins
t Blood(2) / (3) Cellular
(5) TBG/TTR/Albumin uptake
lodothyronine T:/
deiodinases /:3 TH-sensitive cell
Peripheral (5)
deiodinases (3)
T4
13
(4) The TH
receptor

(Lyn et al, 2009; Boas et al, 2012)

DDT, PCBs

PCBs, Flame
retardants

PBDEs,
Chlordane

PCBs, HCB,
Flame
retardants

PCBs

PCBs

PCBs

Inhibiting TSH receptor

Competitive binding to
thyroid transport protein
(TTR)

Altering transport across
cell membrane

Altering binding to
thyroid receptor

Inhibition of sulfation

Inhibition of deiodinase
activity

Enhanced hepatic
metabolism

Decreased production

of T3and T4 (1)

Possible effect on fetal 2)
brain T4 production

Increased billiary
eliminationof T3and  (3)
T4

Altered thyroid

hormone directed gene (4)
transcription

Decreased sulfation of
thyroid hormones

leading to possible (5)
decrease of peripheral
T3 synthesis
Decreased peripheral
T3 synthesis

Increased billiary
metabolism of T3and  (6)
T4

(5)
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Developing thyroid disruption AOP
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Combined in vitro and in vivo methods

Pituitary gland
GH3 cell (Rat)
Central regulation

Thyroid gland
FRTL-5 cell (Rat)
Thyroid hormone
Synthesis/Regulation

e® N

0 hpf embryo 48-72 hpf 120 hpf larva
(hpf, hours post-fertilization)

- Phenotypic changes eg, developmental toxicity
- Hormone and gene analysis




Screening_TDCs

Hypothalamus

GH3 cell

*  GH3 cell (rat pituitary tumor cell)

* T-screen : commonly used screening assay for
thyroid disrupting compounds (proliferation)

 Chemical exposure (48 h)

Seeding

GHS3 cell

cultured in 2 x 10° GH3 cells/well replace with serum free solvent ctrl,
growth medium medium pos ctrl (T3, 1.5 ng/mL),
4 replicates/treatment Quantitative PCR

. Central regulation
s tshf tra, tr5, diol, dio2 gene expression



Screening_TDCs

FRTL-5 cell

*  FRTL-5 cell (rat thyroid follicular cell)

Hypothalamus
CRH
(or TRH)
Pituitary

 Chemical exposure (24 h)

Removal of TSH Dosing

=TT R

Seeding

FRTL-5 cell

=

cultured in 6H
growth medium

solvent ctrl,
pos ctrl (TSH, 10 mU/mL),
4 replicates/treatment Quantitative PCR

*  Thyroid hormone synthesis/regulation
* nis, tg, tpo, tshr, pax8, nkx2.1 gene expression



Fish

Thyroid hormone disruption to measure
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BPA and its analogues




Bisphenols alter brain and thyroid
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Bisphenols alter central regulation ana
synthesis of thyroid hormone (Fish)

BPA analogues

f N
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H .
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TH disruption

Changes in TH related
gene transcriptions

"1 | Direct effects on:
., ithyroid cells __~

Hypothalamus

Zebrafish larva

(Lee SW et al., 2019. Chemosphere)



Bisphenols increase thyroid hormones
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Benzophenone-3 and its analogues
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Benzophenones alter brain and thyroid

Rat Pituitary GHS3 cells Rat Thyroid Follicular FRTL-5 cells

Trhr Ishp Trp Nis Tg Ipo
BP

BP-1
BP-2
BP-3
BP-4
BP-8

BP

BP-1
BP-2
BP-3
BP-4
BP-8

Up-regulation -

(Lee JE et al., 2018 Environ Sci Technol)



Benzophenones disrupt thyroid hormone
(Fish)

BP-1 BP-3 BP-8

SC 100 320 1000 32 100 320 32 100 320
(ng/L) (ng/L) (ng/L)

T4 Level (ng/g)

T3 Level (ng/g)

(Lee JE et al., 2018 Environ Sci Technol)



One AOP for thyroid disruption
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BP-3 caused hepatic nuclear receptor activation leading

to thyroid status change
MIE o o-osxs
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Thyroid hormone regulation is complex

 Combination of multiple KEs is useful
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(Lyn et al, 2009; Boas et al, 2012)
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