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Thyroid	hormone	signalling	conserved	throughout	450	million	years	of	vertebrate	
evolution	

Amphibian	metamorphosis,	bird	hatching,	mammals	brain	maturation	are	all	TH-
dependent	processes

Thyroid	hormone	is	the	most	complex	halogenatedmolecule	synthetized	by	
vertebrates

Only	one	to	contain	iodine,	both	iodine	and	thyroid	hormone	are	essential	for	brain	
development

Thyroid	Hormones	are	essential	in	vertebrates	
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Thyroid Hormone	axis

From	Gilbert	et	al.,	2011	(OMS2012)



Ibhazehiebo et	al.	2011,	Environ Health	
Perspectives

Presence of T4 Absence of T4

Thyroid	hormone	is	essential	for	Purkinje	cells	arborization



Thyroid	hormone	is	essential	for	neural	progenitor	commitment

Lopez	Juarez,	remaud et	al	.	
Cell stem	cell 2012

Remaud et	al	.	eLife 2017

This	illustrates	tight	control	of	TH	levels	
What	does	it	mean	for	an	organism?



Mutation	of	MCT8,		the	only	thyroid	hormone	transporter	expressed	
on	human	neurons,	causes	Allan	Herndon	Dudley	Syndrome

Rodrigues	F	et	all	2014;	L.S.	
Loubiere	et	al.	2010Dynamic	expression	of	MCT8 in	human	placenta

This	illustrates	a	need	for	tight	control	of	maternal	levels	of	

thyroid	hormone	in	early	pregnancy



All	babies	in	
western	countries	
are	tested	at	birth	
for	their
Thyroid	
Stimulating	
Hormone	

If	>17	mIU/L
sign	of	congenital	
hypothyroidism	
but…	



Crucial	role for	thyroid hormone	in	normal	brain
development

Cretinism

HT Maternal fetalHT Normal	brain	development

TH Maternal fetalTH

TH Maternal fetalTH

HT Maternal fetalTH

Maternal
Hypothyroidism

Congenital
Hypothyroidism

Maternal	hypothyroidism/disruption		consequences?



Fetal	brain	development	is	tightly	orchestrated

Howdeshell 2002 EHP



THREE

• Generation R	Study (Rotterdam)
• Maternal thyroid hormone/TSH	levels >	18	

weeks of	pregnancy
• Child	IQ	at	6	-8	yrs old
• MRI	scans	at 8	years old

Tim	Korevaar	…Robin	Peters,
Lancet	Diabetes	Endocrinology	2016	
4,	35-43		



Mean	Child	IQ	6-8	
years

%Child	IQ	<	85

Too	much	thyroid	hormone	is	as	bad	as	too	little

Koreevar et al., Lancet Diabetes Endocrinol 2016 Hypo and	hyperthyroxinemia also	associated	with	lower	white	matter	
density	and	reduced	cortical	volume	



Central	concept:	developmental	origin	of	adult	health	and	disease

• Fetal	development	is	a	critical	developmental	window,	including	for	thyroid	hormone	
availability

WHO	report,	2012

Is	there	direct	fetal	exposure	to	chemical?



Linda	Birnbaum	(NIEHS)

BPA

Triclosan

Diethyl	hexyl	phtalate	
(DEHP)

Dibutylphtalate

PCB-153
Benzophenone-3

4-4’-DDE
perchlorate

PBDE

Chemical	substances	cross	placental barrier



Testing	thyroid	hormone	disrupting	potency	?

• Mixture	« Amniotic »	vs	single	compounds
• Mixtures	« Neurodevelopment »	and	« Growth »

Strategy	#1:	Starting	from		exposure	



Woodruff	et	al.	EHP	2011	

On	average	pregnant	women	carry	
33 compounds	out	of	52 analysed,	15 are	ubiquitous



Phenolic	compounds
• Bisphenol	A	(BPA)
• Triclosan 0.7	-10-7	M
• Benzophenone-3

Phthalates
• DBP
• DEHP	10-7	-10-6	M	

Organochlorine	pesticides
• HCB	10-11	M
• 4-4’	DDE	10-9	M

Perfluorinated	compounds
• PFOS		10-8	M
• PFOA		10-8	M

Polyaromatic	hydrocarbons
• 2-Napthol

Halogenated	compounds
• PCB-153
• BDE-209
• Sodium	perchlorate	10-8M	

Mixture	made	of	the	15	common	contaminants	at	
levels	found	in	human	amniotic	fluid

Heavy	metals
• Methyl	Mercury	10-7	M
• Lead

Which	model	to	use?



“Representative”	Amniotic	mixture

Xenopus	Embryonic	Thyroid	assay		(OECD	validation)

Immunohistochemistry	and	3D	reconstruction

Behaviour	analysis

3	day	exposure

Normal brain development
Metabolic homeostasis

Target genes
Metamorphosis Metamorphosis

T3 peak



Xenopus embryonic	thyroid	assay	(XETA)

Measurement 
(plate reading)

72h

Treatment Renewal Renewal

48h24h6 well plate

Fini et al., 2007

T3
T3

EDC

Fini	et	al.,	2007	Env	Sci	Tech



Effects	of	single	common	chemicals Chemical	mixture	of	15	common	chemicals

Chemical	mixture	dose-dependently	disrupts	thyroid	
hormone	signalling

NF45
3	d	treatment

GFP	
measurement

CTRL

T3	5nM

T3+	M	10X

Fini	et	al.,	2017	Sci	Rep



Mixture	modifies	neural	cell	populations

Neuronal	marker Oligodendrocyte	marker

Fini	et	al.,	2017	Sci	Rep



Thyroid	hormone	disruption	in	the	brain:	
Affected	behavior

NF45 NF48
3d	treatment

Mobility
assessment

DanioVision
Noldus	tracking	

system Fini	et	al.,	2017	Sci	Rep



Conclusions	1

• Mixture	of	chemicals	is	thyroid	hormone	disruptive
• All	halogenated	compounds	tested	alone	disrupt	TH	
• Mixture	affects	brain	gene	expression,	cell	volume	and	
organisation	

• Mixture	affects	mobility	(behaviour)	at	human	exposure		levels

B.Mughal



• Mixture	« Amniotic »	vs	single	compounds
• Mixtures	« Neurodevelopment »	_	EDC	MIX	RISK	

Strategy	#2:	Starting	from		epidemiology	and	adverse	outcomes

Testing	thyroid	hormone	disrupting	potency	?
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hormone	disruptive potential?

B. Can	the	mixture	interfere with	
normal	brain	development?		
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Conception Birth Puberty
Foetal	development Childhood AdolescenceInfancy

Plasma/Serum Examination	of	neuronal	development	of	children	
at	30	months	old

SELMA	cohort

Urine

Language	delay
in	children

Mixture	of	chemicals	
in	fluids	of	pregnant	mothers

Mixture	[N]
Mono-Ethyl	Phthalate
Mono-Butyl	Phthalate
Mono-Benzyl Phthalate
Mono-Isononyl Phthalate

Bisphenol	A
Perfluorohexanesulfonic	acid

Perfluorononanoic	acid
Perfluorooctanesulfonic	acid

3.	Behaviour	analysis

2.	Gene	expression	– thyroid	hormone	signalling	pathway

3-day	exposure

Xenopus’	tadpoles	

A. Does	the	mixture	have	thyroid	
hormone	disruptive potential?

B. Can	the	mixture	interfere with	
normal	brain	development?		

1.	Fluorescent	reporter	assay	(XETA)



1.	Can	mixture	of	chemicals	found	in	fluids	of	pregnant	women	have	
TH-disruptive	properties?	



EDC

1.	Can	mixture	of	chemicals	found	in	fluids	of	pregnant	women	have	
TH-disruptive	properties?	

TH/bZIP GFP TH/bZIP GFP TH/bZIP GFP
T3

NF45 NF48

3	d	treatment/24h	renewal	

GFP	quantification

T3

1x	N
(mol/L)

10x	N	
(mol/L)

100x	N
(mol/L)

1000x	N
(mol/L)

MEP 2.7E-08 2.7E-07 2.7E-06 2.7E-05

MBP 2.26E-08 2.26E-07 2.26E-06 2.26E-05

MBzP 1.05E-08 1.05E-07 1.05E-06 1.05E-05

MINP 2.06E-08 2.06E-07 2.06E-06 2.06E-05

BPA 4.0E-09 4.0E-08 4.0E-07 4.0E-06

PFHxS 3.20E-09 3.20E-08 3.20E-07 3.20E-06

PFNA 1.10E-09 1.10E-08 1.10E-07 1.10E-06

PFOS 1.03E-08 1.03E-07 1.03E-06 1.03E-05
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• Parametric one-way ANOVA
• Pool 4 independent experiments with each n=15
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What	are	the	consequences on	TH	related
transcripts in	brain with this mixture?

• Parametric one-way ANOVA
• Pool 4 independent experiments with each n=15



NF45 NF48

3	d	treatment
24h	renewal	 RNA	

extraction
5X	per	
condition

2.	Does	the	mixture	affect	brain	gene	expression	in	tadpoles?	

RT-qPCR



NF45 NF48

3	d	treatment
24h	renewal	 RNA	

extraction
5X	per	
condition

RT-qPCR

• Parametric	one-way	ANOVA	
• 3	independent	experiments	

with	each	exp	n=5

2.	Does	the	mixture	affect	brain	gene	expression	in	tadpoles?	

o a t p 1 c 1

T H  t r a n s p o r t e r

0 . 2 5

0 . 5

1

2

*

M i x  N - 1 0 x 1 0 0 x 1 0 0 0 x1 x

t h r a

T H  r e c e p t o r  a l p h a

L
o

g
2

 (
fo

ld
 c

h
a

n
g

e
)

0 . 2 5

0 . 5

1

2

*
*

M i x  N - 1 0 x 1 0 0 x 1 0 0 0 x1 x



o a t p 1 c 1

T H  t r a n s p o r t e r

0 . 2 5

0 . 5

1

2

*

M i x  N - 1 0 x 1 0 0 x 1 0 0 0 x1 x

t h r a

T H  r e c e p t o r  a l p h a

L
o

g
2

 (
fo

ld
 c

h
a

n
g

e
)

0 . 2 5

0 . 5

1

2

*
*

M i x  N - 1 0 x 1 0 0 x 1 0 0 0 x1 x

NF45 NF48

3	d	treatment
24h	renewal	 RNA	

extraction
5X	per	
condition

RT-qPCR

F
lu

o
r

e
s

c
e

n
c

e
 n

o
r

m
a

li
s

e
d

 o
n

 c
tr

l

0

5 0

1 0 0

1 5 0

*

* * * *

M ix  N 1 x 1 0 x 1 0 0 x 1 0 0 0 x-

TH/bZIP GFP
NF45 NF48

3	d	treatment/24h	renewal	

GFP	quantification

• Parametric	one-way	ANOVA	
• 3	independent	experiments	

with	each	exp	n=5

2.	Does	the	mixture	affect	brain	gene	expression	in	tadpoles?	



NF45 NF48

3	d	treatment
24H	renewal	 RNA	

extraction
5X	per	
condition

RT-qPCR
th ib z

T H  d e p e n d e n t tr a n s c r ip t io n  fa c to r

0 .2 5

0 .5

1

2

4

8

1 6

3 2 * * *# # # #

Mix N - 1 0 x 1 0 0 x 1 0 0 0 x1x - 1 0 x 1 0 0 x 1 0 0 0 x1x

T 3 - - - - - + + + + +

 th r b
T H  r e c e p to r  b e ta

0 .2 5

0 .5

1

2

4
*

# # # #

Mix N - 1 0 x 1 0 0 x 1 0 0 0 x1x - 1 0 x 1 0 0 x 1 0 0 0 x1x

T 3 - - - - - + + + + +

L
o

g
2 

(f
o

ld
 c

h
an

g
e)

• Parametric	one-way	ANOVA	
• 3	independent	experiments	

with	each	n=5

2.	Does	the	mixture	affect	brain	gene	expression	in	tadpoles?	



NF45 NF48

3	d	treatment
24H	renewal	 RNA	

extraction
5X	per	
condition

RT-qPCR
th ib z

T H  d e p e n d e n t tr a n s c r ip t io n  fa c to r

0 .2 5

0 .5

1

2

4

8

1 6

3 2 * * *# # # #

Mix N - 1 0 x 1 0 0 x 1 0 0 0 x1x - 1 0 x 1 0 0 x 1 0 0 0 x1x

T 3 - - - - - + + + + +

NF45 NF48

3	d	treatment/24h	renewal	
GFP	quantification

F
lu

o
re

sc
en

ce
 n

o
rm

a
lis

e
d

 o
n

 T
3

0

5 0

1 0 0

1 5 0

*

****
****

M ix N 1 x 1 0 x 1 0 0 x 1 0 0 0 x

T 3 - + + + +
-

+
-Mix	

N	1000x

TH/bZIP GFP TH/bZIP GFP TH/bZIP GFP
T3T3

Key	genes	of	the	TH	signalling	pathway	are	dysregulated	in	brains	of	
exposed	tadpoles	to	mixture	N	

 th r b
T H  r e c e p to r  b e ta

0 .2 5

0 .5

1

2

4
*

# # # #

Mix N - 1 0 x 1 0 0 x 1 0 0 0 x1x - 1 0 x 1 0 0 x 1 0 0 0 x1x

T 3 - - - - - + + + + +

L
o

g
2 

(f
o

ld
 c

h
an

g
e)

• Parametric	one-way	ANOVA	
• 3	independent	experiments	

with	each	n=5

2.	Does	the	mixture	affect	brain	gene	expression	in	tadpoles?	



NF45 NF48

3	d	treatment
24H	renewal	 RNA	

extraction
5X	per	
condition

RT-qPCR
th ib z

T H  d e p e n d e n t tr a n s c r ip t io n  fa c to r

0 .2 5

0 .5

1

2

4

8

1 6

3 2 * * *# # # #

Mix N - 1 0 x 1 0 0 x 1 0 0 0 x1x - 1 0 x 1 0 0 x 1 0 0 0 x1x

T 3 - - - - - + + + + +

NF45 NF48

3	d	treatment/24h	renewal	
GFP	quantification

F
lu

o
re

sc
en

ce
 n

o
rm

a
lis

e
d

 o
n

 T
3

0

5 0

1 0 0

1 5 0

*

****
****

M ix N 1 x 1 0 x 1 0 0 x 1 0 0 0 x

T 3 - + + + +
-

+
-Mix	

N	1000x

TH/bZIP GFP TH/bZIP GFP TH/bZIP GFP
T3T3

 th r b
T H  r e c e p to r  b e ta

0 .2 5

0 .5

1

2

4
*

# # # #

Mix N - 1 0 x 1 0 0 x 1 0 0 0 x1x - 1 0 x 1 0 0 x 1 0 0 0 x1x

T 3 - - - - - + + + + +

L
o

g
2 

(f
o

ld
 c

h
an

g
e)

Key	genes	of	the	TH	signalling	pathway	are	dysregulated	in	brains	of	
exposed	tadpoles	to	mixture	N	

• Parametric	one-way	ANOVA	
• 3	independent	experiments	

with	each	n=5

2.	Does	the	mixture	affect	brain	gene	expression	in	tadpoles?	

Does	this	TH-disruptive	mixture	alter	behaviour?	
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Conclusions	2:	on	Neuronal	related	mixture

The mixture associated with neurodevelopmental delay in
children:

1. Disrupts TH signalling
2. Affects brain gene expression
3. has potential to impede behaviour

= possible indication of aberrant brain development

M.Leemans
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Conclusions	&	thoughts

• Fine	tuning of	Thyroid hormone	signaling is crucial	for	proper brain development

• Over	two thirds of	the	chemicals tested disrupt thyroid hormone	signalling

• These chemicals pass the	placenta	and	are	found in	fetal compartment

Our	chemical environment could interfere with thyroid hormone	

1) A	chimeric mixture	made	from « exposure data »	showed impaired TH	regulation,	brain development and	

behavior

2) Mixture	identified from language delay endpoint in	human was validated in	experimental models

especially in	disrupting TH	signaling in	vivo	

Chemical	may have	direct	or	indirect	effects and	act in	a	mixture	way which make the	legislation difficult

Early chemical exposure disrupt harmonized development and	could make vulnerable to	disease development
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MIXTURE	has	T3	like	effect	and	increases	cell	
proliferation	in	hindbrain


