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Summary

The thyroid hormonéTH) synthesigs regulated by negative feedback mechanism involving
thehypothalamus, pituitary gland and thyroid gland which is called the hypothatetmizry-
thyroid (HPT}axis. This HPTaxis flexible adjusts to the T4 and T3 concentratiarblood to
either stimulate or repress TH synthesis. THs are important regulators for various processes
such as metabolic rate and thermogenesis but also play an important role during development
in particular of the neuronal systeWvithin this TH homeostasi$ H-related disruption might
occur through various mode of actions (MOAs) éy. industrial chemicals, drugs, or
pesticidesThe effect on TH concentrations in rat plasma as well as bsadifferent TH-
related MOAs caused by representative substaneee investigated during the scope of this
project. To assess these alteratjdinst method development was conducted to detect THs (T4,
T3, rT3, T2, and T1) in the given matrices usingamlineSPELC-MS/MS system. The
investigatedMOAs were divided by either directly interfering with the TH system thragh
inhibition of thethyroid peroxidase (TPO) directly affecting TH synthesis or indirectly such as
by competitively binding to plasm@H-binding proteins. The shown results indicated the
strongest decline of TH concentrations after exposure to substances directly interfering with the
TH synthesis which was evident in most of the analyses investigated. Additionally, the free
fraction of TH n blood was assessed for which first different technical devices wereftested
which one was further methodically improved. As a finepsthe free fraction in plasma
samples from rats exposed to different disruptingsubstances were determingti analysis
in rat plasma was further expanded to TH detection in rat whole brain as well as in specific
brain regions. In rat plasma and rat brain¢barse ofTH concentratiorwith increasingage
(postnatal day PND) 4, 21, and 989 day-old) was investigated and contrasted between the
matrices.This revealed for example peak concentrations of analyta B8th matricesandof
T2 in brainon PND21.Moreover,in-vitro analysis of rT3 to T2 conversion was assessed
human liver microsomes vianlineSPELC-MS/MS analysis The potential interference by
exemplary substances with the responsible deiodinase enzyme (DMag)evaluated by
calculating the concentration at which half of the enzyme is inhibiteg) ([Chese results were
compared to the initial method evaluating the release of lodide by a colorimetric reaction. The
assessment of rT3 and T2 concentrations by o@EPELC-MS/MS analysis was
advantageousgspecially when assessing the influence of substances structurally containing

lodide. Furthermee, it has been identified that T2 concentrations were a superior readout



parameter than rT3 becausedemonstrated to be independent of handling errors that were
visible in rT3 concentrations.

Besides TH analysis in rats, the developed method was further adjustesesd H whole
embryo contenin zebrafish Danio rerio). Zebrafish embryos are alternative models because
below 120 hours post fertilizatighpf), theydo not account to animal welfare regulasand
current research showed thattil this age they seem to be a suitable model to assess thyroid
disruption Thus, after primarily anaiyng THs in control zebrafistsamples to determirtee
number of embryos needed as welsasondly to assess the coursd dfconcentratiosover
time. An exemplary study was performed exposing the embryos to the positive substance 6
Propy-2-thiouracil (PTU) which is a thyreostatic drug directly inhibiting TPO demonstrated
reduced T4 and T3 concentrats®ven after beginning of TH synthesis70to 80 hpf).

Allin all, an easily adjustable onlifFePELC-MS/MS method was developed which was easily
modified for TH analysis of various tissugsvivo and in-vitro. This expansion to various
matrices of different origin enables a TH modality assessaiemrious MOAs within the TH

system.



Zusammenfassung

Die Thyreoid Hormon (TH, auch Schilddrisenhormonpynthese wird dber die
HypothalanusHypophyserThyreoid-Achse (HPTFAchse) anhand der T4 and T3
Konzentratioen im Blut reguliert. An verschiedeen Stellen im TH Systensowie uber
verschiedene  Wirkmechanismen konnen z.B. Medikamente, Pestizide oder
Industriediemikalien eingreifen und das Gleichgewicklies Systens storen. Diese
Mechanismen inteefieren entweder direkt Uber z.Bie Inhibition der Thyreoidperoxidase
(TPO)oder indirekt durch das kompetitive Binden an die &gt Transportproteine im Blut
Verschiedene reprasentative Substanzen verschiedener Wirkmechanismen wurden wéhrend
dieser Arbeituntersucht bzglihres Effekés auf de TH Konzentrationenm Plasma von
exponierten Ratten. Die Ergebnisse zeigten den starksten Effekt im Plasma nach Exposition
von TPO Inhibitoenim Vergleich zu Substanzen mit indirekten Effekt. ZusatzZiohAnalyse
der GesamiTH Konzentrationvurde auch die Konzentration des freien-AHteils bestimmt.
Hierzu wurden verschiedeflfechnikenzur Bestimmung des freien Anteils zunéchst getestet
und anschliel3eneine Methodeveiterentwickelt. Im finalen Schritt wurden Plasmaproben von
mit einem TPGInhibitor exponierten Ratten gemessebie TH-Analyse wurde weiter
expandiertfir die Matrix Rattenhirn sowiefir spezifische HirnregionenHierfur wurden
Hirnproben von Ratten verschiedenen Alters bzgl. ihrerKbAzentrationen gemessen und
dem Ergebnis der jeweiligen Plasmaprobe gegenibergeBteitzeigte eineltersabhangige
Schwankungler TH-Konzentratioenin Rattenhirn sowie Rattenplasma, welches sich auch in
der AnalyseeinzelnerHirnregionen wiedergespiegelt hatlie zum Beispiel dassT3 die
hdchste Konzentration in beiden Matszend T2 im Gehirn an postnatal Tag 21 aufwigs.
weiterer Ansatzwar die in-vitro Bestimmungder rT3 zu T2 Konversion in humanen
Lebermikrosomen mittels onlineSPELC-MS/MS Analyse Verschiedene potentielle
Inhibitoren wurden getestet und wenn moglich diglene inhibitorische KonzentratiofiCso)
bestimmt. Anhand diesem ermittelten Wertes wurden die Ergebnisse mit den Werten der
kolorimetrisch@ Bestimmungverglichen. De entwickelteonlineSPELC-MS/MS Methode
wieseinige Vorteile aufywennzum Beispiel bd-haltige Substanzamtersucht werden mussen.
Des Weiteren erwies sich T2 als stabiler Auswerteparameter, da er nicht direkt von
Pipettierfehlernwie z.B. rT3 abhangig ist.Im Verlauf des Projektes wurden weitere
Organismen untersucht wie zum Beispiel Zebrafiddhnf{o rerio) Embryonen. Kinetische
Analysender TH Konzentrationewurden alle 24 Stunden nach Fertilisierhgf) bis 120 hpf
durchgefiihrt Da bis zu diesem Zeitpunkt kein Tierversuchsanbegotigt wird gelten die
Zebrafish Embryonen als AlternativmodBisherige Forschung mit Zebrafisch Embryonen hat

Xl



bereits gezeigt, dass es sensitiv flr die Bewertung vonedidyDisruption ist.Im zweiten
Schritt wurden die Embryonen tber mehrere Tage rRitdpy-2-thiouracil (PTU) exponiert,
um zu prufen in wiefern im frihen Stadium ein #ojd-relevanter Effekt detektiert werden
kann. Die Ergebnisse zetgn, dassauch nach Beginn der TH Synthese Zebrafisch
Embryaen (~ 7680 hpf), die mit PTU exponierten Embryonen reduzierte T3 und T4
Konzentrationen aufwiesen.

Im Grof3en und Ganzen wurde eine robustine-SPELC-MS/MS Methode entwickelt zur
Analyse von THKonzentrationenin verschiedenen Matrices. Diese Methode ist flekib
anpassbar fur weitere Matricas\vivo sowiein-vitro mit minimalem Aufwand, welches im
Verlauf des Projektes gezeigt wurde. Dadurch ist es mogdemanderungen durch

verschieden&irkmechanismen im TH System zu analysieren.
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1 Introduction

1 Introduction

The World Health Organization (WH@gfineslodne def i ci ency di sorder ¢

the consequences tddine deficiency(ID) in a population that can be prevented by ensuring
that the population has an adequate intak@ditle b IDD has a spectrum of different health
consequences such agiter, hypothyroidism, delayed physical development, mental
deficiency, and impaired mental function additionally depending on thendgID occurs.
Therefore recommended dailgdide intakeconcentrationsvere established which suggest

90 ug for preschool children (89 m), 120ug for schoolchildren (@2y), 150ug for adults
(>12y) , and 25Qug for pregnant and lactating wonteligherlodide intake is crucial for
pregnant woman because the fetus is fully dependent on maternal thyroid hormone (TH) supply
since it cannot synthesize them on its own. Sufficearicentratiorof THs ensure optimal
physical development especially of the fetal brain and thus should be ensured. As a prophylaxis
to prevent IDD universal salbdization (USI) was internationally recommended and has been
embedded in many national programedide intake is monitored by measuring urinkoglide
concentration which should range from 1T@9 pg/L in schoolaged childreh Effectiveness

of USI is reflected in the number of countries with adeglad@&le intake which has increased

from 67 to 118 countries in the period from 2003 to 20P@wever, insufficientodide intake

is still present in around 21 countries independent of their economic status as the reasons range
from failure of the saltodization program due to politically instability, natural disaster and war,
and lack of usage dbdized salt in the production of processed féod#notherfactor is the
growing interestof reducingsalt intake to prevent hypertension whighesalong with a
decreasdodide intake thereforéodide concentrationn salt should be increased to ensure
recommended daily intak@ncentratiof ID ultimately leads to hypothyroidism which is also
induced by other causes suchf@sexamplechronic autoimmunity diseases (e.g. Hashimoto
thyroiditis), pituitary or hypothalamic dysfunctipgenetic mutations (e.g. TH transporter or
metabolism genes) or induced by xenobidtidhesediseasesnight lead to hypothyroidism
through different mode of actions (MOASs) within the TH sysseroh as directly by inhibiting

TH synthesior indirectlythrough binding to enzymes responsible for TH conversion or to the

plasmaTlH-binding proteinsvhich will be subsequentlgiscussed further.
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1.1 Synthesisand Regulation of Thyroid Hormones T4 and T3

The production ofTHs (tetraiodothyronine (T4yhich is also referred to as thyroxiaed
triiodothyronine (T3) is regulated bythe hypothalamiepituitary-thyroid (HPT) feedback
mechanism. The key regulator hereby is the bioactive T3 which binds to the thyrotropin
releasing hormone (TRH) located in the paraventricular nucleus of the hypothalamus (PVH)
when THconcentrationsire low. TRH is a tripeptide (pyroGiis-ProNH) cleaved from its
prohormone in thbypothalamus. The preprohormone (preproTRH) encodes for arokizb29
including five copies of the prohormone TRH sequence in the rat and mouse whereas in human
it is six copie&®. The preproTRH is further cleaved and modified via cyclization at the N
terminus and amidation at thet€minus by two convertas@soprotein convertasg (PC-1)
and PG2 and carboxypeptidase E to yield mature PRHThe mature TRH migrates from the
paraventricular nucleus of the TRH neurons further to the pituitary gland where it binds to the
cell-surface TRHR1 receptors on thyrotrofhcells to induce production of thyrotropan also
namelythyroid-stimulating hormone (TSP TSH secretion is also controlled by T4 and in
particular T3.Within this feedback mechanisii8 is in charge of the expression of genes for
TRH-R1 as well as for the transcriptional inhibition of TSH subdhihe TSH subunits are
di vi de-canidsthd uldi t s, -subusitrisslenscal todtrer hbfmones such as
luteinizing and follicle stimulating hormotfe Upon indudion of TSH productionthrough
TRH, TSHis primarily releasginto the circulation antlindsto its TSHreceptor(TSHr)in the
thyroid gland.The TSHr is a member of the seveansmembrane spanni@proteircoupled
receptor family and its activationresponds to activate the adenylyl cyclase, increase
intracellularconcentratiorof cyclic adenosine monophosph&#AMP) which is followed by
activation of protein kinase A (PKA) 1° The biosynthesis of THsirtherinvolves the uptake
of lodide from plasma into the thyroid follicular cells via B@ium lodide symporter (NIS).

The Kv valuerefers to the affinity of an enzyme towards a given subsiratéhe value depicts

the concentration ahe substrate after half of the reaction rate is completed whifdr ithe
transport oflodide 10-30puM compared to 4®0nM for Sodium ions and acquires an
approximately 360-fold higherlodide concentration in the thyroid than in bl&d§. The

lodide is further transported into the colloid across the apical membrane via the pendrin
transporter where it is oxidized todineby the thyroid peroxidase (TPO). As a next step the
tyrosyl residues of thyroglobulin (Tg) are iodinated in the presence of hydrogen peroxide
(H202) by TPO forming monoiodotyrosine (MIT) or diiodotyrosine (DIT) residues on Tg
depending on the number tbdide atoms attached. MIT and DIT function as precursor

hormones of T4 and T3 which are formed after phenolic coupling of tbéeg/rosyl residues
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by TPO. T4 is formed by coupling of two diiodotyrosyl residues and T3 by one
monoiodotyrosyl and one diiodotyrosyl residue. The Tg bound with T4 and T3 is transferred
back into the follicular cells through endocytosis where it undergoes proteolysis in the
lysosomes to release T4 and T3. Uncouptezhoiode, and diioddyrosyl residues will be
removed from Tg andeiodinated by flavoprotein iodotyrosine deiodinase to $adaiele for

the next TH biosynthes{@H synthesis idllustrated inFigure1 below)!®2°,

Follicular Lumen Thyroid Follicular Cell
al Blood
’ L Proteolysis =
ysi ©
/Jf 9’0 =>4 |5 T4
T4—{Tg3—DIT O\ T3S
s NIgoA T3
Thyroid Gland 1
yroid Glan T3 r‘SII_IT
L # MIT/
) | & l % @ TSH
{ (4 \ o~ ;\
' (Tg+—DIT =
| " 9 @ g, O
y ‘\\ |2 < I. s I

Figure 1. Schematic illustration of TH synthesis in the thyroid gland.

1) Uptake of lodide via NIS into the thyroid follicular cell. 2) lodide enters the follicular lumen via the pendrin
transporter after which it is oxidized by TPO in the presence®©$.F8) Tg is stored in the follicular lumen. In the
presence of TPO and.6; its residues aréodinated forming MIT and DIT. 4) Phenolic coupling of these
lodotyrosyl residues by TPO further form T4 or T3. 5) The boun¢{d€picted as a yellow circlé transported

into the follicular cell by endocytosis 6) in which T4 and T3 are liberated from Tg by undergoing proteolysis.
Remaining MIT and DIT residues are also removed from TG and further deiodinated. T4 and T3 enter the blood
stream through MCT8. )7 TSH binding to its TSH receptor stimulating TH synthesis. Created in
https://BioRender.com

The liberated T4 and T3 enter the circulation through the monocarboxylate transporter 8
(MCTS8) from where they are distributed into different tissues which they enter via the same
transporter and/or via the organic antoansporting polypeptides (OATR)ansportersThe
OATPs are a gene superfamily of transport proteins expressed in different tissues as for example
OATP1C1 which isorthologousexpressedn rat and humandis inter alia responsible for
the TH uptake into the brain preferentially o#¥42 Human placental transfer of This/olve
some of thefollowing transportersMCT-8, OATP4Al and ktype amino acid transporters
(LAT1 & 2)?? 23 In the blood THs are mainly bound to different plasma transport proteins
(> 99%) such as thyroxinrbinding-globulin (TBG), transthyretin (TTR) and albumihereas
the relative percentage of carrying T4 depends on e.g. binding affinity, concentration of the

3
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proteins in blood and free T4 concentraffonThis leads for example in human to
approximately 3 % of total T4 boundo TBG, 20% to TTR and 5% to albumirf®. Similar to

human, the highesindingaffinity sitestowards T4 and T3 is fourfdr TBG in the rat present

only in rat offspring withexpressiorpeaksat aroundpostnataldays 2123. Fromthese days
onwardsTBG concentratiordecreaseseaching the lowesind insignificantconcentratiorin
theadultrat (~ 60days oldj®*?.The small unbound fraction so
approximately 0.036 of total T4 and 0.%6 of total T3in serum and this fraction is able to

enter different target cells where it binds to its thyroid hormone receptor (TR) to mediate gene
transcriptiod®. There are multipleTR isoforms, but all have a similar domain structure
consisting of an aminterminal A/B domain, a central DNAinding domain (DBD) containing

two Azinc fingerso, a hinge region containi
terminal ligand bindinglomain (LBD}*. The two major isoformsare TR and TRb whi ct
encoded on separate genes and itgddiilated gene expression is cell type depeRtiditese

isoforms are separated into additional TRs by alternative splicing whereas the main isoforms
are -ITTRULRA N d22°TRA r e s ul-1ade n b-ApteRr,lhe latter binds

weakly to thethyroid response elemeffRE), but cannot lead to transcription of TH
responsive genes and thus it will not be further explained inetailThe TRD i sof or m
two promoter region which are important for distinct mMRNA transcription for specific proteins.
Depending on which promoter r egli oannd2sifeRabct i v
gener at ed. T h e tTRBandlit&® BHswittbhigh dffinity and shbve identical
DNA-binding domain, hinge region and LBD, but they distinguish in the ateimoinal

regions*. The different TRs bind to specific TRES in the promoter region of the givéargét

genes leading to either activation or repression of transcriptidhis TRbinding to TREs

occurs majorly as heterodimer with retinoid X receptor (RXR)3-ligand-binded TR causes
conformational change within the receptor which consecutively releases corepressors and
coactivator®’. Repression of transcription can occur when unliganded TRs bind to TRES or
when ligandbound TRs bind to negative TREsAIl isoforms are expressed in almost all

ti ssues, but t he -hdéaghesntinskelgalnuscle amdwn adipbse T R U
tissue BAT), TFIRbi n brai n, | i v er ,-2istiesde speciftt axprgssedind s o

anterior pituitary gland, areas of the hypothalamus, in developing brain and iffief€4rs?

1.1.1 Metabolism of Thyroid Hormones in Tissueand Species
Differences

SinceT3 mainly binds to TR, local conversion from T4 to T3 in tissue is needed to conduct

TH signaling. The enzymes responsible for TH conversion are the selenododgtigronine
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deiodinase types |, Il and Il (DIO1, DIO2, and DIQ®)ich properties are enumerated able

1. Dependent on the DIO type the TH conversion is either activating or inactivating dependent
on which TH is the product and on tHeiodination of the outer (ORD) or inner ring (IRD).
DIO3 inactivates T4 to reverse triiodothyronine (rT3) or T3 to diiodothyronine (T2). It is
expressed in the placenta or the central nervous system (CNS) and plays a role in clearance of
T4 and T3 as welks it prevents further T3 productiSnThe DIO type Il can be also found in

the CNS and placenta and additionally in the pituitary gland as well as in BAT. Since it has
activating properties converting T4 to the bioactive T3, it is the major source for T3 in plasma
and intracellular in tissudIO1 on contrarjunctions asctivating and inactivating (T4 to T3,

T3 to T2, and rT3 to T2), but its preferred substrate is rT3 and it is exprassed other
organs inthe liver and kidneyAn overview of the different DIO types as well as their
corresponding binding affinities arenumerated inTable 1. In addition to excretion via
conversion byDIOs, THs can be metabolized by glucuronidation and sulfation of the phenolic
hydroxyl group. Sulfotransferases and glucuronidases enzymes count to phase Il detoxification
reactions as they increase water solubgitld molecular weighdf a compound to facilitate
urinary or biliary clearanéé TH sulfates are easily degraded by DIO1 and thus its plasma, bile
and urineconcentrationsare rather low when DIO1 activity is higth® Sulfotransferase
(SULT) enzyme family divides itself into different subfamilies as for example the phenol
sulfotransferases (SULT1 family) and hydroxysteroid sulfotransferases (SULT2 farhity)

are based on their substrate specificdty.
phosphoadenosire -phosphosulfate (PAPS) to e.g., a hydroxyl group of the substrate and are
located in the cytoplasmic fraction of the liver, kidney, intestimg, larair?*. For different
enzymes from the human SULT1 family an activity towards TH has been determined as for
example SULT1A1, 1A3 and even the estrogen sulfotransferase SULT1E1l catalyzes the
sulfation of TH3", In rats it has been detected that sulfonation stimulates IRD of sulfated T4
by 20Gfold compared to nosulfated T4 deiodination by DIO1, but it seems to have an
inhibitory to no effect on ORD of other substrdteSulfated TH serum concentrations are high

in fetal and cord blood compared to normal huroancentrationsit is speculated that fetus
sulfated T3 functions as a reservoir for fast tissue specific T3 réles®n the contrary,
glucuronidated THs are rapidly excreted in the bBewell as thegan be reabsorbed in the
intestine after hydrolysiby bacteriab-glucuronidase¥. Ultimately around 20% of daily T4
production is excreted in the feé&sThe enzymes responsible for glucuronidation are UDP
glucuronyltransferases (UGTSs) transferring a glucuronic acid group from its cofactor UDP

glucuronic acid (UDPGA) to a hydroxyl or carboxyl group to increase the substreaties



1.1 Synthesis and Regulation of Thyroid Hormones T4 and T3

solubility. They are located in the endoplasmic reticulum of mainly liver, kidney and intéstine
Like SULTs, UGTs are divided into two furtheulfamilies UGT1A and UGT2B, however
glucuronidation seems to be more important in rodents than in héfmadditional species
differences are thadultrats lack the high affinity thyroidinding protein TBG, havenuch
lower half-lives of T4 and T3 (e.g.: 224 h vs. 59d for T4) compared to humanand the

enterohepatic circulation of TH glucuronides is assumed to be less effeétive

Table 1. Overview of the three types of selenoenzymedothyronine deiodinases.
The table was adapted aimformationcombinedfrom Peeters and Visser as well as Bianco and®Kith

DIO Type DIO1 DIO2 DIO3
o T4\ T4 T4\
T3 73 | 1 (T3 T3 (T3
N 2~ T2 &~ N,
ORD and IRD ORD IRD
) ) ) CNS PituitaryGland
) Liver, Kidney, Thyroid CNS, Placenta, Fetal
Tissues BAT, SkeletalMuscle _
Gland Tissues
Placenta
Preferred Substrates rm3>>T4a T3 T4>1rT3 T3>T4
Km values a 010 M a 1 nM a 10 nM
Development,
] ] Clearance of rT3 Thermogenesis, Clearance of T3 and T¢
Physiological Role ] )
Plasma T3roduction intracellular T3 Development
production
Hypothyroidism Decrease Increase Decrease
Hyperthyroidism Increase Decrease Increase

1.1.2 TH-Dependent Role in Biological Processesd Functions

The THstimulated gene transcription followed by protein synthesis regulates important
functions in various tissues. To name a few example tisgles been shown that THs affect
the expression of various bone markers in serum reflecting possible changes in bone formation
and resorptiol. Since THs influences the circulation and the hieanttionitself, the overall
cardiac output is encumbered. The consequences are for example a high cardiac output for
hyperthyroid patients and for hypothyroid patients a respectively low cardiac output, decreased
vascular volume and a decreased stroke volfifie Besides the alterations on the overall
cardicvascular system, THs positively and negatively regulagéetranscription ofseveral
genes for cardiac protéih In the liver THs are also involved in regulating the stimulation of
enzymes responsible for lipogenesis such as dehydrogenase and-Gtpbosphate, lipolysis,

and oxidative processés Additionally, enzymes expression involved in cholesterol
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metabolism, synthesis, cholesterol ester hydrolase, and cholesterol acyltrangfetas
dependarit. Enhanced cholesterol synthesis through a rise of cholesterol uptake is mediated
via TH-mediated gene transcription of LER (low-densitylipoproteinreceptoy gene which

in turn is modulated by the TFhhediated induction adterol responselement binding protein
(SREBP)2-gene expressidfh SREBP2 is a transcription factor involved in inter alia
cholesterol metabolism or fatty acid synth&sisastly THs are responsible for the maintenance

of various other processes such as adaptive thermogenesis, body weight and of a basal

metabolic rat&'.

1.1.2.1 THs Role in Neurodevelopment

Neuronal development during fetal stages is inter falily dependent on the supply of
maternallTHs. Calvo et alshowed that human fetal tissues in the first trimester are exposed to
the same concentration range of free T4 as thegtareadultageand that this exposure of free
T4 is depending on theoncentration otirculating free T4 of the moth&r Until the onset of
fetal TH synthesis at around embryoniday 17-18 in rats & around day90in human
gestatiofl®), the overall total T4 concentration is retained at lower concentration of what is
found in adult (both in humans & rodents) to protect the fetus from tmacentrationof
maternal TH supplyAs mentioned in sectiod.1 free THs are less than% of total TH
concentration in blood which are able to enter different tissue daisigh thyroid hormone
transporters as for exampilee blood brain barrier (BBB) of choroid plexuga MCTS8 or
OATP1C1which are the most important transporters in fetal ti€sdé When free T4 enters
the cerebrospinal fluid (CSF), it binds to TTR which is the dominant carrier in this compartment
to provide TH supply and prevent removal from &SHhe role of THs in rat brain
development has been further underlined in several studies investigating the effect of
developmental TH insufficiency in the rdihe observatiorof heterotopia was identified as a
possible indicator foneurodevelopmental toxicity rat developmental neurotoxicity (DNT)
studies.This has been mainlgemonstrated to occafter maternal exposure t6-Propyl2-
thiouracil (PTU) during gestatiortausing decreased TH concentrationsffspring, whichis
required tamanifest heterotopia in the offsprifgtartingexposurdrom gestation dayGD) 2,
but heterotopiavas not manifested when the exposure began on PRIDRe authors further
reported that the malformations were persistent until PND300 and that no sex difference was
detectetf. In consecutive studsthey showed thatPTU exposure period from GD19 to PND2
is sufficient to inducdeterotopia more accurately definecpasiventricular heterotopidue to
hypothyroidisni®. Periventricular heterotopia marked as a clustering of neurons which failed

to migrate during early developmewtthin the periventricular zone locaterbar the lateral
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ventricles Furthermoreaffectiors of multiple components of cell junctions and of bldwdin

as well as blooaerebrospinal fluid barrieresere indicated by e.g. changes in expression
patterns of extracellular matrix, and cytoskeletal prateis well as alterations in filamentous
actin, platelet endotheliatell adhesion molecule dnd claudin % 5% In rats, hypothyroidism
causes diminished axonal growth and dendritic arborization in the cerebral cortex, visual and
auditory cortex, hippocampus, and cerebeltimin cerebellum it additionally delays
proliferation and migration of granule cells from the external to the internal granular layer.
However, neuronal effects caused by hypothyroidism can be reverted in rats by TH
administration within 2veeks after birtlf. Other clinical outcomes such as subclinical
hypothyroidism is defined as elevated T$Bincentrationwith normal T4 and T3 serum
concentrationswhereas primary hypothyroidism manifests in low TH seoamcentrations
because of destruction of the thyroid gland.

The placentaeleasenly a limited amount of free THs to the fetus via the expression of
DIO3 which has been detected in rodent and human placenta, uterus and in fetalfissoe
highlight the importance othe enzyme DIO3, investigations were conducted using DIO3
knockout mice by Hernandez et atsulting in neonatal thyrotoxicosis followed by central
hypothyroidism which was lifelong persistent aaislo resuktdin abnormalities in the function
of the HPTFaxis involedtissued* * DIO2 is fundamental in certain periods of development
such as its expression stronghcreases after birth with its peak arouRND28 and then
declines until day 50 in refs An exemplary critical period in which DIO2 is necessarthes
maturation of cochlea and thus the onset of auditory function for which T3 must be present. For
a better understanding of DIO2 involvement in the developing baaiilO2 knockout mice
model was examined. Using this model Ng et al. reported that DIO2 is essentially to locally
generate T3 in the auditory system because DIO2 knockout mice reached sufficient TH serum
concentrationdbut had impaired auditory function and abnormal cochlear morgrSioin
another research study mice brain regions (cerebellum, cerebral cortex, hypothalagnus
midbrain) were analyzed for their T®ncentrationwhich was significantly reduced in all
regions in the DIO2 knockout mice similar to the wildtypgothyroid mice but DIO2
knockout mice yield normal T8oncentratiornin seruni’. As indicated with the previolys
mentioredstudies, T3 needs to be locally converted from T4 to initiate target gene transcription.
This statement is underlined by research data indicating that up%o @dMuclear T3 was
locally produced in the cerebellum and cerebral cortex irrérafis statementthat T3
concentration is dependent on local conversion in fetal bvasfurther underlined by a rat

study administering/lethimazole(MMI) to dams as well aglongsidanfusionwith either T4
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or T3. Examined fetal brain from dams receiving T3 infusion did not increase fetal T3 above
the concentratiorof only MMI-treated rats whereas fetal T3 brain concentrations from dams
infused with T4 did reach contrebncentratiorwhen infusing aroun® p2/100g BW/cP®.
Additionally, DIO1 to 3 rat expressions change in various fetal tsduieng development as

for example DIO3 isnostly expressed in fetal liver tissue whereas in several brain tissue all
three are detected through®uOn cellular level DIO2 expression was localized almost solely
in astrocytes meaning that theedominantlytransported T4 from serum is locally converted to

T3 which is secondlyransferedinto neuronal cells via the MCT8 transporter in which it binds

to its nuclear receptdFR initiating neuronalgene transcriptidil. This initiation in neuronal
tissue involves for example Purkinje cell and Bergmann glia differentiation/maturation through
activation of TR}1 in cerebellar developmé&at®3 astrocyte and neuron differentiation in the
hippocampus, oligodendrocyte differentiation and myelination, and synaptogenesis as reviewed
in Stepien et &* One initiation in neuronal tissue is for example the acceleration of
myelination by THsA reductionof myelin mRNA and protemnamely myelin basic protein
(MBP), proteolipid proteins (PLP), myelamssociated glycoprotein (MAG)2,3-cyclic
nucleotice 3phosphodiestase (CNP) has beenetectedo delay myelin formatiomn rat brains

of hypothyroid pup® % Furthermorethe number of ligodendrocyts in the white matter
tracts corpus callosum and anterior commissure were redglubggothyroid offsprin§’. This

effect wasobservedalong with reductions in MBP gene expression referring to the previous

mentioned alterations to myelination emphasizing TH control during brain develSgment

1.2 Disruption of TH Homeostasisand Their Consequences

Perturbations of THoncentrationcan occur through various madef action (MOA) at
different points in the TH systeras pointed out irFigure 2. For example, exposure to
thyreostatic drugsgchemicals orlodide-deficient diet develop different clinical patterns of
altered THconcentrationdViaternallodine deficiency, if not treated in the right timeutd lead
for exampleto permanent failure in postnatal neurodevelopmieat also to unwanted adverse
effects in adultsOver the years various literature reviews have been conducted evaluating
thyroid-disrupting effects of certain chemical cla$8é%

With regards to this projectne crucialpointis the interaction with the TH systeoy these
substancesn different matrices at various agesince THs are important for several
physiological processes of e.g. metabolism and development especially of thé Bréin’2
Chemical substances can cause impairment of the TH syestemplary substancegerfering
through different MOAs weranalyzed during thigzork. These chemical substances included

for exampledifferent thyreostatic drugsiPolychlorinatedBiphenyls (PCB)thiocyanates or
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substances from thensecticides classesiamely Pyrethroids, Organochlorines (OC),
Organophosphates (OP), Phenyl Pyrazoles or Organotinatmmp Somepesticidegmainly

the older onesare ubiquitouly found in animals, humans, and in the environment, which is
reflected by their halfives in soil ranging from days to years and posing a potential threat to
these organisfi, however the assessment of thyroid hormone disruffidD) is generallyof

very high prioriy in Europe (see Chapt&r3below).Mode of action investigations in animals
suggested various possible mechanisms for thyroid disruption assumirggti@a€Cs due to
their structural similarity mimic TH action by binding to thyroid receptor and/or reducing
binding to its proteins in plasrffa Pyrethroidsas well as their prevalent metabolite 3
phenoxybenzoi@cid (3BPA) have been shown to potential disrupt TH signaiimgitro”>.
Organohalogens especially PCBs &utlybrominatedDiphenyl Ether (PBDES9 are structural
similar to THs which might explain their interference on various key poirtkeifiH systen®.
These different mechanisms involve competitive bindinglasmaTH-binding proteins such

as TTR inthe bloodstream, inducing phase Il metabolism enzymes and thus TH cleamance,

enhancing or blocking the production of DIOs as well as th€&%R

Hypothalamus
TR, DIO

Thyroid Gland
TPO, NIS, DIO, Pituitary

TR, THT Gland
. TR, DIO

Blood - Binding Proteins ‘
TBG, TTR & Albumin

‘. T4, T3
Liver

SULT, UDPGTs, Ty -
i (Developmental) & Functional effects in target organs

DIOs =
‘r TH Transporters
g DIOs

Negative feedback
loop

Pregnancy - lodine Deficiency
‘ Maternal T4 supply to fetus

Figure 2. Schematic insight intoconnectivity of TH system and indication of possible AD interferences.

TH signaling of the HP3axis to target organs are shown by the black arrows. Red lightning symbols refer to
possible targets of HD causing functional effects in target organs or increased excretion of TH in thé.diwer.

lodide supply during pregnancy causes low maternal TH supply to the fetus which could lead to several
developmental impairmentShe grey square in the top left corner further illustrates deiodination of THs and the
responsibleDIO types for each conversion. Adapted and modified from Kohrle and Fré&drgihg images from
https://BioRender.conand Servier Medical Artlicensed undeDeed- Attribution 4.0 International Creative
Commons
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1.2.1 TPO Inhibition Causesimpairment of TH Synthesis

Thyroid Hormone disruptor§THD) such asPTU, Ethylere Thiourea (ETU)andMMI are
known to inhibit TRD, thereby causing to terminate tloglination of tyrosine residues on Tg
and their subsequent coupling which finally impairs TH syntf&sts MMI and PTU are
thyreostaticdrugs administered to treat hyperthyroidism whereas ETU is a metabolite of
ethylene bisdithiocarbamatEBDC) fungicides. In particular PTU is commonly used in basic
research to investigate TH regulation on tissue development mainly focusing on the brain due
to its direct mechanism on TH synthesis as well as it inhibits DIO1 activity in the liver. To give
an example Axelstad et al. studied the effect of PTU on development and possiHkstony
alterations on behavior anedring in the offspring of Wistar rats. The dams were exposed to
PTU fromGD7 to PND17 with the aim of causing a temporary hypothyroid state in the fetus
which was verified by the reduced T4 concentration in serum with increasing PTU dosage
visible in dams on GD15 and in the offspring on PND16 but on PND27 this decline v&nished
Long-lasting causes of PTU exposure were visible in the adult offspring such as increased
thyroid gland weight, hearing deficits, and hyperactivity correlated with lowohéentration
during developmefit. A PTU-induced maternal hypothyroxinemia rat model highlighted fetal
vulnerability towards TH insufficiency indicated by the formation of subcortical band
heterotopia (SBH) which persisted until adulthood of the offspring despite returning to
euthyroid satu$®. The formation of heterotopia caused by developmental TH insufficiency was
further examined in a similar rat model inter alia revealing that exposure starting in gestation
led to heterotopia formation but not when exposure began postfataffyy Similar to PTU,
exposure of MMI in SpraguBawley rats during gestation period GD7 to PND22 caused
decreased Tdoncentrationn serum on GD15 anoh PND22 in dams and on PND16 in pups
with parallel increased TSKoncentrationresulting in adverse brain developnf&ntAs
mentioned in the second sentence ETU is a metabolite of EBDC such as Mancozeb, exposure
to Mancozeb from GD7 to PND16 dbsesof either 0, 50, 100, or 158g/kgbw/d led to
significant dosedependent decrease of T4 concentrations in dams at @GDith was not
detected in the offspriff§ Furthermorethe reduced maternal T4 concentrations did not induce
behavioral effects in the offspring, but dams in the highest dosage group sinewsmtoxic
effects such as hind limb paralySid_astly, ETU exposure in rats at different ages provoked
decrease in T4 and increase in T&Hcentratiorafter 9 and 24nonths of administratioA

1.2.2 Inhibition of Sodium-lodide Symporter (NIS)

OneMOA of disturbance in TH system is the blockage of plasma membrane transport protein

Sodiumlodide symporter (NIS). NIS is responsible for pumpioglide into the thyroid

11
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follicular cell in exchange fdBodium ions which guarantees sufficiéatlide concentration for

TH synthesis in follicular cell§. Furthermore, NIS facilitatdedide uptake in mammary cells,
cervical cells, gastric mucosa, choroid plexus, and séliGaibstances that interfere with NIS

are e.g.: perchlorate, thiocyanate, and nitrate by blocking the binding site of the transporter so
that lodide cannot be transported into the follicular cell any longer causing decreased TH
synthesi&. Perchlorates have been utilized as oxidizer for exaraplsolid fuel engines,
automobile air bags, and fireworkbys it is a common contaminant in water and dmilscan

also be found naturallg.g.in Chile’* %2 Especially in the western United States perchlorate
contamination was detected in groundwater and rivers from assumably industrial and waste
storage sites disposal, in cow kndnd human breast milk, and contamination was found in
grain, fruit, vegetables, and dietary supplem&hits Additional NIS inhibitors are for example
nitrate which can be found in lettuce and as a preservative in processed meat and fish, as well
as thiocyanate resulting from free cyanide metabolisnirancigarette smoké& °1 In woman

with a lower urinarylodide concentration of 100 pg/L increasiegncentrationof urinary
perchlorate were correlated significantly with lower serum T4 and higher serum TSH
concentrationsinvestigated in theNational Health and Nutrition ExaminatioBurvey
(NHANES) study during 2002002 in the United Stat¥sThis study was further extended to
examine a potential correlation between perchlorate, low urlodgigle, and another inhibitor
thiocyanate which is found in cigarette smoke. The authors concluded from the results a
possible cumulative effect of thiocyanate and perchlorate befmassaoking women with low
urinary lodide the association between urinary perchlorate, decreased T4 in serum, and high
urinary thiocyanate was stronger than in 4somoking women and in women with lower

thiocyanate concentratig’’.

1.2.3 lodine Deficiency Disorders (IDD)i Human Clinical Evidence

During in uteroand neonatal neurodevelopment THs play an active and important role to
ensure a proper outcome. A key regulator is herebgdogahich is essential for TH synthesis.
lodide is unevenly distributed in the environment such as soils in mountainous areas are
typically lodide-deficient and the oceans are ratteatide-rich®. Sources fotodide used to be
mainly food and beverages whauswally food of marine origin yield the highest amount,
however their overall content is low. An overall low intake loflide causes low TH
concentration whicmightfor exampldead tothyroid enlargement (goiter), impaired cognitive
function orin severe casds cretinism. After the discovemhat these adversities are caused by
ID from the 1970s forward artat theycan be prevented bgdide supplementatiotJSI was
globally embedded asrgphylaxi$®. Cretinism is linked to severtD and is clinically

12
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categorized into two groups: neurological and hypothyroid cretiriisieurological cretinism
features mental retardation along with a neurological defectasiohhearing and speech or
impaired motor activity, but can be euthyroid with low urinémgide concentratiof?. The
second grougihypothyroid cretinisra is clinically characterized by e.g.: dwarfism, skeletal
retardation, sexual retardation, thickened skin or incomplete face maturation caused by severe
hypothyroidisnd®>. A different consequence of ID or by genetic causes is neonatal
hypothyroidism that can result in mental retardation and neurological defects in human.
Maternal hypothyroxinemidefinescauseshatare mainly due to insufficient TH supply by the
mother caused by e.¢D. This could result in various clinical outcomes such as congenital
hypothyroidism, miscarriage, stillbirths, goiter, endemic cretinism, or impaired mental
function.

Inaclinicalstude mbedded i n t he fio®é¢ha Metharlandolow afl hight udy o
maternal free T&oncentratiorwere each correlated with a statistically decrease in 1Q of the
child as well as negatively associated with child grey matter volume which was assessed by
magnetic resonance imaginIRI)!°. This study was embedded in threehort stuées
involving GeneratiorR (Netherlands), the INfancia y Medio Ambiente Project (INMA; Spain,
three regions), and the Avon Longitudinal StudyParents and Children (ALSPAC; United
Kingdom) to assess association between matdioditle status in pregnancy with child 1Q.
Evaluation of all three cohorts further confirmed the association betleoekge status in
pregnancy with child 1Q scores in particular the development of verbal IQ of the fetus is

vulnerable util start of the second trimestét.

1.2.3.1 Animal Studies Concerning lodne Deficiency

The effect oflD in different extents from mild to severe have been studied in various animal
studies. Usually, pregnant rats are given diets with difféoglide concentratiomnd afterwards
the thyroid status of the offspring will be assessed. One of the first studies showing the adversity
of maternal hypothyroxinemia was conducted by LavAdtric et al who reported alterations
of the histogenesis and cytoarchitecture of the rat fetal cerebral @oitexet al exposed
Wistar rats to either loviodide or marginalodide deficient diet along with a control group to
determine the influence on nerve and cognitive performance in their offspring. They reported
decreased free T4 concentrations in offspring in the manrgidae deficient group along with
a downward trend regarding their learning and memory capacity which was more profound in
the lowlodide group®. Another investigation of a marginal ID model focusing on effects in
the offspring of Long Evans rats by Gilbert etaltlined that fetal T4 in brain and serum was

reduced in a dosgependent manner but that neonatal T4 was only reduced in‘8&rtine
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detected reduction in fetal tissue was further associated with deficits in synaptic function in the
hippocampus and that the adult offspring had impaired excitatory synaptic transtfission
concordance with the reported decrease of T4 in plasma Pedrazeepbekd this effect for
young female Wistar rats receiving differdioidide-rich diet starting from day 50 of age.
Examination of T3 and T4 content and DIO activity in other tissues revealed that was T3
significantaffected compared to T4. An overall increase of T3 was detect®dTn lung and
ovary anda T3 declinein the adrenal and thyroid gla On contrary, T4 declined with
decreasing lodie concentrationn every tissue investigated. DIO2 activity in brain and BAT
and DIO1lactivity in the thyroid gland wreincreased with decreasingdide'®. Besides ID
also lodide excess studies in rat altered tHBT-axis function in male offspring causing
hypothyroidism and a temporary impaired learning capdéity All these studies emphasize
the importance of sufficient lodé supply during pregnancy without unaerover exceeding

the actual requirement.

1.2.4 Enhanced TH Clearance Mediated by Hepatic Enzyme Induction

Hepatic microsomal liver enzyme induction by xenobiasas multistep procesis rats. The
proposed procesmcludes initially the induction of microsomal liver enzymes leading to
increased hepatic clearance of T4 which is followed by decreased T4 concentration in the
circulation. This causes a negative feedback to the-&#3 answering with an elevated
secreton of TSH to stimulate TH synthesis which also stimulates thyroid follicular cell
proliferation leading chronically to thyroid tumor formati®fhh However, not every liver
enzyme inducer causes an increase in TSH concentration. Expodelrenibarbital (PB),
Pregnenolonel 6U-carbonitrile (PCN), aVlethylcholanthrene (3MC), and Aroclor 1254@B
congener mixture) caused decreased free T4 concentration with increasing dosage as well as an
increase of T4 UGT activit)’. However, only in rats exposed to BEPCN TSHconcentration
were elevated which were in correspondence to increased thyroid follicular cell proliferation
emphasizing the stimulating effect of T8H Thyroid tumor formation caused by hepatic
UGT-enzyme induction and the constant stimulation of TH synthesis in the thyroid gland has
been evaluated as not human relevant byBhepean Chemicals Agen¢izCHA) due to
species differencé®. Rats have anverall higher TSHoncentratiorin plasma which is more
sensitive to further increase after disturbance of the TH homeostasis unlike in human where
TSH does not remarkably increase after exposure to hepatic enzyme ifiddéetdis
difference and lathe exemplary mentionedifferences in sectiofh.1.1 might be the cause of

higher sensitivity towards TH homeostasis disruption in rats compared to in humans.
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1.3 Regulatory Background of Thyroid Disruption

Substances affecting TH system are also knoviiHi3s which include these substance®in
the class of endocrine disruptors (ED). i AN
mixture that possesses properties that might be expected to lead to endocrine disruption in an
intact organism, or its progeny, or (sub)populations (WHO defmijt8dand encompasses
mainly MOAs in the estrogenic, androgenic, thyroid, and steroidogenic (EATS) pathways.
Potential endocrine properties need to be assesselgimicals, biocides and pesticidksing
authorization, and registration processes in EurBeéevant guidancdocumentgo identify
endocrine disruptorare in place, likehe Revised Guidance Document 150 on Standardised
Test Guidelines for Evaluating Chemicals for Endocrine Disruption by the Organisation for
Economic Ceoperation and Developme(@ECD) and the Guidance for the identification of
endocrine disruptors in the context of Regulations (EU) No 528/2012 and (EC) No 1107/2009
by the ECHA and the European Food Safety Authority (EFSA) with support from the Joint
Research Centre (JRE3 1! In DecembeR022 two categorie$or Endocrine DisruptiogED)
were introduced to classify the hazard ED based on available data generatgtddaration
ED HH Cat. 1 and ED HH C&(Commissions Delegated AC(2022) 9383)'2. The respective
classification, labelling and packagifiGLP) guidance has been updated in December 2024
(Version 5 of part 3 Health Hazard section of the guidance on the applicatiolfChfRleeteria
(guidance to regulation (EC) No 1272/2008) of substances and mjxtaretassification /
categorization a&D is based on the evidenbasedevaluationof specific(endocrineMOAS
leading to adverseffects More specifically, substances are to be classifieB2s if they
fulfill the following three element®&ndocrine activity, adverse effect anbialogical plausible
link between the endocrine activity and the adverse étfedhis ultimately leads to the
classification into either one of two hazard categories for ED for human health (EDvhigte
Category 1is considered to captuseibstances witknown or presumed ED for HH based on
human, animal, and/or neanimal data The second categor(eD HH Cat. 2)involves
substances demonstrating evidence for suspected endocrine activity and an adverse effect,
howeverwhere thedata is not sufficient to classify into category 1. The guidance also states
that in case sufficient evidence is available denying relevance to humans, no classification of
this substance for ED HH is need€d

According to theOECD Conceptual Framework to identifigDs, adverse (potentially
endocrinerelated) effects can be identified in Level 4 and 5 studiesT(@ele2 below) these
studies follow thetest guidelines (TG) 407 (Repeated DoseD2§ Oral Toxicity Study in
Rodents), 408 (Repeated Dose@8y Oral Toxicity Study in Rodents), 409 (Repeated Dose
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90-Day Oral Toxicity Study in NotRodents), 451 to 453Gombined ChronicToxicity &
Carcinogenicity Studies), 416 (Tw®eneration Reproduction Toxicity Study) or if available

443 (Extended On&eneration Reproductive Toxicity Studylhe investigatedadversity

parameterswith regard to humans and mammals usually cover thyroid gland weight and

histopathology and analysis of serum TSH, T4, anddr&entrationif the animal studies are

conducted according to more recent OECD*fGAn overview of the TG for assessment of

THD in mammalian and nemammalian species are listedTiable2 and were adapted from
Guidance Document 150 as well as (EU) No 528/2012 and (EC) No 110%2889In

Appendix A of tre latterguidance further information is givevith regard tdhe assessment of

potential THD for human health such wakich evidence of species differences needs to be

provided or how to investigate increase of TH metabolism in the'tiva@ihe analysis of Thl

in tissues is currentlgftennotavailablebutassumed téollow the observation made in serum

per default

Table 2. Enumeration of TGs and standardized test methodswvailable for assessment of THD.

Tabl e was
Endocrine

adapted
Di srupting

and

modi fied
Chemical s,

AiTabl e 9
20180

from
revised

in the context of Regulations (EU) No 32812 and (EC) No 1107/2009 by the ECHA and the EFSA with support

from the JRCL

Mammalian & Non-Mammalian Toxicology

Level 1
Existing Data &
Non-test
Information

Level 2
In-vitro Assays

Level 3

In-vivo Assay
providing data
about selected
endocrine
mechanism(s)/
pathway(s)
Level 4

In-vivo Assays
providing data on
adverse effects on
endocrine relevant
endpoints

f
f

= =4

=

Physical & chemical properties, e.g., MW reactivity, volatility,

biodegradability

All available (eco)toxicological data from standardized or-stamdardized

tests

Readacross, chemical categories, QSARs and other in gitedictions,

and ADME model predictions

Thyroid disruption assays (e.g. thyroperoxidase inhibition, transthyretin

binding)

Other hormone receptors assays as appropriate

High-Throughput Screens
Mammalian Toxicology

Repeated dose iy study i
(OECD TG 407)
Repeated dose afhy study i

(OECD TG 408)

Pubertal development and thyroi
Function assay in peripubertal i
male rats (PP male Assay) (US
EPA TGOPPTS 890.1500)

16

Non-Mammalian Toxicology
Amphibian metamorphosis assa;
(AMA) (OECD TG 231)
Xenopus embryonic thyroid
signaling assay (XETA) (draft
OECD TG)

Fish sexual development test
(FSDT) (OECD TG 234)
Larval amphibian growth &
development assay (LAGDA)
(OECD TG 241)

Fish early life stage (ELS)
toxicity test (OECD TG 210)

OECD Co
include
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Mammalian & Non-Mammalian Toxicology

Level 5

In-vivo Assays
providing more
comprehensive
data on adverse
effects on

1 Pubertal development and thyroi
function assay in peripubertal
female

1 Prenatal developmental toxicity
study (OECD TG 414)

1 Combined chronic toxicity and
carcinogenicity studies (OECD
TG 451 to 453)

1 Combined repeated dose toxicity
study with the
reproduction/developmental
toxicity screening test (OECD TC
421 & 422)

1 Developmental neurotoxicity
study (OECD TG 426)

1 Repeated dose 9fny oral
toxicity study in norrodents
(OECD TG 409)

1 Extended ongeneration
reproductive toxicity study
(OECD TG 443)

1 Two-Generation reproduction
toxicity study (OECD TG 416
most recent update)

endocrine relevant

endpoints over
more extensive
parts of the life
cycle of the
organism

Fish lifecycle toxicity test
(FLCTT) (US EPA TG OPPTS
50.1500)

Medaka extendednegeneration
reproduction test (MEOGRT)
(OECD TG 240)

Avian Two-generation toxicity
test in the Japanese quail (ATG1
(US EPA TG OCSPP
890.2100/746C-15-003)
Zebrafish extended one
generation reproduction test
(ZEOGRT) (draft OECD TG)

With regards tdahe aim of reducing and finding alternatives for animal studies also referred

to as 3R(replace, reduce, and refinemphasis is nowadays put on developing and validating

new approach methodologies (NAM) to mainly reduce animal testing, but also to increase speed

during the process of chemical hazard prediétibiRegarding HD, the OECD conceptual

framework testingmentionsat Level 2in-vitro assays to test for thyroid disruption after

gathering information about physichiemical properties and data framsilico methods.

However,noneof the mammalianin-vitro assays havget beenOECD validated wherefore

efforts for studyvalidation of high throughput thyroid screening assagsongoingo assess

the performance of a number of assays for disturbance of thyroid hormone fuadibp the

EUJRCa n d

EURL ECVAMOGSs

European

Uni on Net wor k

Alternative Methals (EUNETVAL) which are enumerated able3'1% 112 Some of the key
events developednd validatedvere e.g. DIO1 inhibition using human liver microsomes,
inhibition of MCTS8, inhibition of TPCand NIS and interaction with TTR and/or TB&,

Another alternative model that experiences increasing interest zelnafish Danio rerio)

embryomodel due to its rapid development, small size, optical body transparency, and general
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cheaper handling which has been already implemented within the regulatory fraféwaoik
regulatory requirement is embedded in the OEB® 236 which describes a Fish Embryo
Acute Toxicity test usingebrafish Danio rerio) to examine possible acute toxicity of a
chemical on embryonic stagés One advantage of this model is that until h2@rs post
fertilization (hpf) it is not regulated as an animal experiment which makes it suitable to
investigateearly developmental stagt8 THD assessment in other organisms is currently
regulatoily implemented to test in amphibian&fiopus laevjausing e.gthe larvalamphibian

growth and development assaytheamphibian metamorphosissay'l. THD sensitivity in
zebrafish embryos has been identified by assessing various endpoints such as e.g. eye or swim
bladder development, specific gene expressioncdittentrationghyroid follicle morphology

or changes in behavior as e.g. in swimm#ft>. A comprehensive approach combining all
these endpoints in one study and testing various THDs with different MOAs in zebrafish
embryos revealed that they are sensitive towards THD exposure and that the endpoints could
be linked together showing causality ED assessmefif. Efforts are madehow and to what

extent crosspecies extrapolations can be made toesenammaliarassays for human health

assessments and vice véféa
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Table 3. List of in-vitro TH-related assays from mentioned initiative by the ELENETVAL independent of

their regulatory acceptance status

This table wasdapted fromthe first table in secton 1L @®ECD report AThyroid in

Vitroec

reports by the thyroid disruption methods expert group: Reports assessing the validation status of assays from the
EUNNET VAL a cd'% Dataielatédgosassay no. 4a is included in thisk.

Assay No.(Molecular Initiating Event)

Assay Title

1b (TSH receptor)
2a (TPO inhibition)
2c¢ (Inhibition of tyrosine iodination)

3a (Binding to serum proteins TTRand
TBG)

3b (Binding to serum protein TTR)
4a (Inhibition of Deiodinase 1 activity)

4b (Inhibition of THs glucuronidation)

6a (TRUand TRD receptor activation
(agonist activity))

6b (Human TRb receptor (in)-
activation (agonist and antagonist
activity))

7a (Alteration of intrafollicular T4 -
content in Zebrafish eleutheroembryos)

8a (Alteration of cell proliferation of
TH responsive cells)

Thyrotropinstimulating hormone (TSH) receptor
activation based on cAMReasurement
Thyroid peroxidase (TPO) inhibition based on oxidatior
Amplex UltraRed® (TP@AUR)
Tyrosineiodinationusing liquid chromatography (TYRO
I0D)
Thyroxinebinding prealbumin (TTR) / thyroxinebinding
prealbumin (TBG) binding using fluorescence
displacement (ANSA). (TTFANSA)
Thyroxinebinding prealbumin binding using fluorescent
displacement(TTR FITC T4)
Deiodinase 1 activity based on Sand&ilthoff reaction
Inhibition of THs glucuronidation using liquid
chromatography/mass spectrometry
Human TH receptor alpha (TlRand Human TH receptol
beta (TR) reporter gene transactivation measuring ago
activities (TRJand TFb reporter assays)

TR CALUX human TH receptor beta (biRreporter gene
transactivation measuring agonist and antagonist activ,

Measurement of intrafollicular T4 using Zebrafish
eleutheroembryos (ZETA
T-screen assay measuring cell proliferation of GH3 ce
using alamar blue/resazurin (T SCREEN)
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THSs are essential regulators involved in several prosessag development and growth as
well as in metabolic pathways. Their synthesis in the thyroid gland is regulated via a complex
negative feedback mechanismathe HPTFaxis whereas e.g. low circulating Tddncentrations
induce TSH secretion to induce TH production. This complex homeostasis warrants several
steps where HID couldinterfere with the system leading to serious adverse reactions like (e.g.
weight loss, struma, tachycardia), hypothyroidism (e.g. obesity, infertility, heart disease,
neurodevelopnmdal disorders). ExemplaryHDs areindustrial chemicals (PCBs, PBDIs
pesticidesor thyreostatic drugéPTU, MMI) which bind to transport proteins, directly disturb
TH synthesis by inhibiting the enzyme TPO or inhibit the metabolizing enzymes DIOs.
However,a TH system disturbanas also manifestd by insufficientlodide intake which is
even more crucial in pregnant women. During pregnancy maternal T4 is the sole fetal TH
supply since its own thyroid gland is not active yet. As outlined above maternal ID can cause
mental retardation, impaired growth and in severe casad to cretinism that is why
developmental neurotoxicity israendpointof concernfor regulatory substance assessment.
The T-modality is currently assessedvivo in the following OECD TG: 407, 408, 409, 416
(or 443 if available)and 451 to 433 according to the Guidance for thdentification of
Endocrine Disruptors in theContext of Regulations, (EU) No 528/2012 and (EC) No
1107/2009%. Severalin-vitro method assessing thyroid disrupti@ne under OECD validation
processwhich is summarized in the EWMETVAL reportt!>. Usually, tiyroid outcome
parametersassesse@re majorly thyroid gland weight and histopathology and in case of
assumablytreatmenirelated thyroid effects further measurement of TSH, T4, and T3
concentrationg serum. T4 and T3 concentrations tissueare not measured bateassumed
from detectedconcentrationin serum however correlation between the two compartments
especially e.g. serum and brain are not knowmrs mears e.g.that a substance causimgl
alterations in serum does not necessarily candeH alteration to the same extent as detected
in serum in brain This data gapegarding TH concentration in brails crucial when
rememberingnaternallH influence on offspring neurodevelopment as wethastheanalysis
in tissue could give adddnal information about metabolic processes. Before deriving
statements abowthethera substanceauses alterations profound knowledge needs to be
obtained focusing on biological concentration in gieen matrix in this work namely rat
plasma and brainTherefore, the aim of hproject was to develop and validate reliable and

precise TH analysis in rat plasma and brain using an automated-solitk@haseextraction
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liquid chromatography tandem mass spectrometry (8IPELC-MS/MS) system. The
methods include multiple TH analytes relevant to the TH homeostasis such as T4, T3, rT3, T2,
T1, T4glucuronate, T4sulfate, monoiodg and diiodotyrosine (MIT & DIT).The project
started with the establishment of the method in rat plasma followed by rat brain. For both
matrices irhouse available material from dosed rat studies were analyzethtawbmpared

to available literature. Additionally, control samples from popsPND4 andPND21 were
received to establish knowledge about the nominal TH concensatigniasma and braim

the offspring Brain analysis was further expanded to regipacific analysis in rat cerebellum

and cortex and plasma analysis was expdrn assess free fraction of THs. These specific
analy®s were established ovestigatel’H regulation into more detail as for examipit brain
regional age dependency and whether free THs in plasma are more spasivetetowards

TH alterationsFurthermore, the influence of lodide supplementation anesnpplementation

in the dietgivenfrom 4 weeks before mating until PKBDon TH concentrations asexamined

in parental and offspring animal&nimals from each diet groupill be analyzed regardg

their effects onTH concentratioain plasma and brain with focus on PND4 and 21. Another
THD target are DIO enzymes which are converting THs to thede#sated successor. DIO1
activity was evaluated in human liver microsomes after exposure to different substances by
direct analyzing r8 and T2.

Besides TH analysis in rat tissues and human liver microsomes, the developed analytical
methodwasfurther expanded to ecotoxicology relevant testing systems such as the zebrafish
(Danio rerig). Since thyroid function is highly conserved in natwertain factors influencing
the thyroid function in one species may highly likely influence other species in a similar
manner. The zebrafish has been shown to be a good predictor for neurobehavioral assessment
and TPO inhibition. Therefore, first approashwere made to analyze THs in the developing
zebrafish from24 to 120 hpf. For verification of the methadpositivecontrol exposure with
PTU was investigated over four days to determine if chemgelH concentratioa are
detectable.
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3.1 Thyroid Hormone Solutions

Table 4. Stock solutions of thyroid hormones.
Name Supplier
3,345,5 tetraiodeL -thyroxine (T4)
3,345-triiodo-L -thyronine(T3)
3,3456triiodo-L-thyronine (reverse T3; rT3)
3,36diiodo-L-thyronine (T2)
3-monoiodaL -thyronine (T1) .
Thyr o x0-Suliate Bigodium Salt (F8) Toronto Research Shemicals Toronto, ON,
T hy r o xQ-BetaD-@ldcuronide(T4-Gluc) '
3-lodo-L-Tyrosine (Monoiodotyrosine, MIT) SigmaAldrich Chemie GmbH, 89555 Stdeim,
3,5-Diiodo-L-Tyrosine dihydrate Germany

SigmaAldrich St. Louis, MO63118 USA

3.2 IsotopeLabeledStandards

Table 5. Purchased isotopdabeled standards of thyroid hormones.
Name Supplier
L-Thyroxine'3Cs solution(**Cs-T4) 100 eg/ mL i n me tslampule
3, 3TNjpdb-L-thyronine**Cs solution {3Cs-T3) of 1 mL, certified reference material, Cerilliant
N . . . SigmaAldrich Company Round Rock, TX,
- 1 13C,.
3, 3 TNjiod®-Njthyronine3Cs solution(*3Cs-rT3) USA. 78665
3, 3-Njiodo-L-Thyronin(phenoxy*3Cs) (*3Ce-T2) SigmaAldrich St. Louis, MO63118 USA
. Toronto Research Chemicalsronto, ON
_ R 1 13 J J
3-lodo-L-thyronine!3Cs (*3Ce-T1) Canada, M3J 2J8

3.3 Chemicals
Table 6. Chemical list.
Name Supplier
100% for analysis, ACS, ISO, Ph.Eur.,
Acetic Acid (AA) EMSURE®, Merck KGaA, 64271 Darmstadt,
Germany
Acetonitrile (ACN) fi L-81S CHROMASOLVE 099.9%0 g r ¢
Isopropanol Honeywell Specialty Chemicals Seelze Gmb}
Methanol(MeOH) 30926Seelze, Germany
Biofloatt Clean Coating Solution faCelliate, Chemovator GmbH, 68169 Mannhei
Germany

Dissolve in 500nL Milli -pore water, Thermo
Scientific, Rockford, IL 61101, USA
099.9%, anhydrousSigmaAldrich St. Louis,
MO 63118 USA
. . 98-100% for analysis, ACS, Ph.Eur., EMSURE
Formic Acid (FA) Merck KGaA, 64271 Darmstadt, Germany

Millipore Water,Milli -Q® station Merck KGaA,64271Darmstadt, Germany

BupHE PhosphatBuffered Saline (PBS) Packs

Dimethyl Sulfoxide (DMSO)
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3.4 Laboratory Items

Table 7. Utilized laboratory items.
Name

Supplier

0.22 pum UltrafreeCL filter, UFC40GV
1 mL LC clear glass vial

Amicon Ultra 0.5 mL filter
Centrifree® Centrifugal Filters

Eppendorf Tube®

Merck Millipore; Carrigtwohill, Co Cork, Ireland
Labsolute Th. Geyer GmbH &oKG, 71272
Renningen, Germany
Merck Millipore Ltd.; Carrigtwohill, Co Cork, IRL
Merck Millipore Ltd.; Carrigtwohill, Co Cork, IRL
SafelLock Tubes, 2.0 mL, Eppendorf AG2331
Hamburg, Germany

96-well plate OasidMixed-Mode CatioreXchange

(MCX, 10mg sorbent/well, 3gum, Waters,
Eschborn, Germany)

Oasis Online SPE
(HLB) cartridgeq10 x 1 mm& 10 x 2 mm 30

em
Pipette Tips

Pipettes

Protein LoBind Tube

PureProteome Albumin/IgBGepletionskit

hydr

WatersGmbH, 65760Eschborn, Germany

WatersGmbH, 65760Eschborn, Germany

Sarstedt AG& CKG, 51588 Numbrecht,
Germany
Eppendorf Research PlEppendorf AG22331
Hamburg, Germany
SafelLock Tubes, 2.0nL, Eppendorf AG22331
Hamburg, Germany
Merck KGaA,64271Darmstadt, Germany

iﬁ)tor biphenyLC column2 . 7 e¢ m, 50 Restek Corporation, Bellefonte, PA 16823, US
Sealing Tapeoptically clear Sarstedt AG& C&KG, 51588 Niimbrecht,
g Tapeop y Germany
Silicone Micromat Thermo Fisher Scientifi§2379Langerwehe,
Germany
SingleUse RED Plate with Inserts Thermo Scientific, Rockford, IL 61101, USA
3.5 Technical Instruments
Table 8. List of technical devices used.
Name Supplier

Allegra X-15R Centrifuge

Bandelin Sonorex (Water Bath & Sonication), T

RK510H
BeadRuptor Elite

Centrifuge 4K15C
Eppendorf Centrifuge 5417R
Freeze Dryer Gammals LSC

IR-Dancer 360 (InfreRed Vortex Evaporator)

Symbiosis Pharma System

Thermomix Compact and Comfort Eppendorf
Triple Quad 5500 Mass Spectrometer (MS)

Universal 320R Centrifuge, Typ 1406

VortexerGenie ®, Model G560E

Beckman Coulter GmbH, 47807 Krefeld, Germe
Bandelin Electronic GmbH & Co.KG, 12207
Berlin, Germany
BiolabproductsGmbH, 2381@ebensee, German
Sigma Laborzentrifugen GmbH, 37520 Ostero
am Harz, Germany
Eppendorf AG22331Hamburg, Germany
Christ®, Martin Christ Gefriertrocknungsanlage
GmbH, 37520 Osterode am Harz, Germany
Hettlab,Andreas Hettich GmbH & Co. KF8532
Tuttlingen, Germany
Spark HollandB.V., 7812 HZEmmen, The
Nethelands
NethelerHinz GmbH, 22331 Hamburg
AB Sciex LLC, Framingham, MA 01701, USA
Hettich Centifuges, Andreas Hettich GmbH &
Co. KG, 78532 Tuttlingen, Germany
Scientific Industries Inc., Bohemia, N.Y. 1171€
USA
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3.6 Standard Solutions

From the listed stock in captioB.1 and 3.2 stock solutions were prepared in dimethyl
sulfoxide (DMSO) for the analytes which were not purchased as liquids. In a second step serial
dilutions were prepared from the stock solutitmprepare standard solutions adjusted to the
concentration needed for calibratiofhese standard solutions were generated ¥ AQueous
methanol (MeOH)Plasma serial dilutions ranged from steps 0.004, 0.008, 0.015, 0.03, 0.05,
0.1, 0.2, 0.5, 1, 2.5, 5, 10, 20, tomL and brain serial dilutions from 0.005, 0.01, 0.02,
0.05, 0.0,75, 0.15, 0.3, 0.5, 1, 2 tea@gmL. Thecalibration ranges for eadmalyte in each

matrix were fitted for the expected concentration in the samples.

3.7 Animal Samples

Rat brain and plasma samples were received from mostly untreated Wist@rlrdi§(idan),
control group) from different iouse studies conducted over the yedeble9, Table10 &
Tablel2). The Wistar rats were held under standardized conditions meanirmy&2ight and
dark shifts at 20 to 24°C, #65% humidity andfifteenfold air changes per hour. Food and
drinking water were availablad libitum which both were examined regularfor possible
contaminants.The rats were housed ian AAALAC accredited animal facility and in
accordancevith the German Animal Welfare act. Thidies have been authorizedtbg local
supervising authority Landesuntersuchungsamt Rheiffdald, Germany (approval number
23 17707/G 1#3-080, 23 17/07/G 223-050, 23 17707/G 133-016 and 23 17D7/G 123-
018).In studies including pups, the pups underwent daily observation for clinical symptoms.
Some of the samples analyzed were not obtained from recently conshuctied and they were
stored since sampling in seal ed°CJvmesalligs unde
term storage stability studies of 16 compounds measuredsovdifferent timepoing have
shown that storage is not an influencing factor over'fitn8ame standardized conditions were
kept for the conductedbn-supplementetbdide diet studyn Wistar rats Crl:WI(Han)) except
that the control group receivedl libitum mouse and rat maintenance di&LP", Granovit
AG, KaiseraugstSwitzerland andthedosage grouppecial dietwhich was not supplemented
with lodide (2036.PH.A05 Mouse/rat modifiediodide free Granovit AG Kaiseraugst,
Switzerland. Administration of the diet begun four weeks prior to mating and continued until
PND30.Blood sampling took place in the parent animals aysd@, 14 and 28 prior to mating
and in offspring on PND4, 21, and 30 from which additionally brain samples were retrieved
tabularized imrable11. Neurobehavior testing was conducted in subsets of offspring on PND22
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and PND25 which consisted of motor activity testing and the Morris water mazaehiebt

results are not reported since thvesre out of scope of this work

Table 9. Overview of control rat samplesreceived,and measureddata shown in5.6.

Stud Stud Amount of Female Amount of Male Control
Yea? NoO y Age Matrix Control Animals Animals
' (Sampling Day) (Sampling Day)
1 97-99d Plasma 6,10&6 (7, 14, & 28) 10,9 & 10 (7, 14, & 28)
2015 97-99d Brain 10 (28 d) 10 (28)
2 97-99d Plasma 10,10 &9 (7, 14, & 28) 8,8&10 (7,14, & 28)
97-99d Brain 7 (28) 10 (28)
Dams Plasma 10 & 10 (PND4 & 21) /
Plasma 10 10
2022 3 PND4 Brain 10 10
Plasma 10 10
PND21 Brain 10 10
Plasma 5 1
PND4 Brain 6 1
2023 4
PND21 Plasma 10 10
Brain 10 10
Whole-Brain 5 5
2023 5 71-72d Cerebellum 5 5
Cortex 4 5
Cerebellum 6 6
PND4 Cortex 6 6
2023 6
PND22 Cerebellum 6 6
Cortex 6 6
Plasma 1 2
Whole-Brain 5 5
PND4 Cerebellum 4 4
Cortex 4 4
2024 ! Plasma 10 10
Whole-Brain 5 5
PND21 Cerebellum 4 4
Cortex 4 4

Table 10. List of received samples which were exposed to the mentioned substance

Results of TH analysis in plasma are shown in se&tiarior calculation from ppm to mg/kg bw/d,a body weight

of 250g and a food consumption of 80d was assumedD refers to low dose and HD to high dose.

Stud Age Dosage Dose Number of Number of
Yea?l Substance Start Groug [mg/kg bw/d] Female Animals| Male Animals
[dayg P 9/kg (Sampling Day) | (Sampling Day)
Control 0 10,10 & 10 10,10 & 10
(7, 14, & 28) (7, 14, & 28)
575,&5 5,5 &5
2005 PTU 6971 LD 1 (7,14, & 28) (7,14, & 28)
5,5, &5 4,5 &5
HD 10 (7.14.828) (7,14 & 28)
Control 0 10,9&0 10,9&0
(7,14, & 28 (7, 14, & 28)
. 4,5 &5 55, &5
2006 Methimazole 69-71 LD 25 (7,14, & 28) (7,14, & 28)
55&5 5,5 &5
HD 100 (7,14, & 28) (7, 14, &28)
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Study Age Dosage Dose Number_of Numbe_r of
Year Substance Start Group | [mgrkg bwid] Female_AnlmaIs Male Ammals
[dayg (Sampling Day) | (Sampling Day)
Control 0 10,10 & 10 10,10 & 10
(7, 14, & 28) (7, 14, & 28)
Ethylene 6 55,&5 55,&5
2007 Thiourea | 027t | LD (75 ppm) (7.14,&28) | (7,14, & 28)
HD 24 55,&5 55,&5
(300 ppm (7, 14, & 28) (7, 14, & 28)
Control 0 55 &5 3,5.&5
(7,14, & 28) (7,14, & 28)
2007 | Aroclor 1254 70-72 LD 5 (75’152 1528) (75’152 1528)
55,&5 4,5,&5
HD 25 (7,14, & 28) (7,14, & 28)
4,5, &4 53,&4
Control 0 (7,14,&28) (7,14, & B)
. . 80 5 5,&5 55,&5
2011 Vinclozolin 6971 LD (1000ppm) (7. 14, & 28) (7.14, & 28)
HD 240 55,&5 4,5,&5
(3000 ppm) (7,14, & 28) (7, 14, & 28)
Control 0 5 5,&5 3,5 &5
(7, 14, & 28) (7, 14, & 28)
2007 = Aroclor 1254 = 7072 LD 5 (75’154’ ‘ng) (75’154’ ‘ng)
55,&5 4,5,&5
HD 25 (7,14,828) | (7,14,8&28)
Control 0 10,10 & 10 10,10 & 10
3355 (7, 14, & 28) (7, 14, & 28)
Tet’rai)r;)me LD 300 55 &5 5 5.&5
bisphenol A (7, 14, & 28) (7, 14, & 28)
55,&5 55,&5
HD 1000 (7,14, & 28) (7,14, & 28)
Control 0 10,10 & 10 10,10 & 10
Perflouro (7, 14, & 28) (7, 14, & 28)
2024 hexane About ) by 6 55 &5 5 5, &5
e 70 (7, 14, & 28) (7, 14, & 28)
sulphonic Acid 55 &5 55 &5
HD 20 (7, 14, & 28) (7, 14, & 28)
Control 0 10,10 & 10 10,10 & 10
(7, 14, & 28) (7, 14, & 28)
Phenyl LD 15 505,&5 505,&5
Isothiocyanate (7, 14, & 28) (7, 14, &28)
HD 30 (7d) 50,&3 50 &4
22.5 (28d) (7,14, & 29 (7, 14, & 28)
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Table 11. Animal samples from study receiving different amounts of lodie in diet.

Stud Number of Number of
Yea?l Diet Age Matrix Female Animals | Male Animals
(Sampling Day) | (Sampling Day)
70 d Plasma 10,10 & 10 10,10 & 10
(7,14, & 28) (7,14, & 28)
Plasma 6 1
PND4 Whole-Brain 11 1
Supplemented (S)
PND21 Plasma 7 10
Whole-Brain 7 10
Plasma 10 10
2024 PND30 Whole-Brain 10 10
2025 10,10 & 10 10,10 & 10
70d Plasma (7.14,828) (7,14, & 28)
Plasma 2 5
PND4 .
Non-Supplemented Whole-Brain 10 12
(NS) Plasma 10 10
PND21 Whole-Brain 10 10
Plasma 10 9
PND30 \\holeBrain 10 9

Table 12. Tabular summary of analyzed samples from studies with masked substances and their given

concentration.

For calculation from ppm to mg/kg bw/d,a body weight of 3%hd a food consumption of gd was assumed.

Study 1 Study 2 Study 3 Study 4
I C B I
G F C
A G
Substances J
E
H
K
D
10 150 32 & 64 3&10
25 0.4 (400 & 800ppm) 50 & 150
12 (150 ppm) 8&25
Dose [mg/kg bw/d] 4.8 (60 ppm)
5.2 (65 ppm)
5
32 (400 ppm
0.15
Sampling day [d]T Plasma 7 7 7,14 &28 7,14 & 28
Sampling day[d] 7 Brain 7 7 28 28
Administration gavage orin gavage diet gavage
diet
Age at beginning of
administration period [d] 6972
Number of animals per 5 10 5 5

dosage group
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4 Methods

4.1 Sample Preparation
4.1.1 Total THs in Rat Plasma

A volume of 50 pL rat plasma was used to analyze total thyroid horroomeentration.
Before protein precipitatiowith 200 pL 1% formic acid (FA) in MeOH, 2@L of the internal
standard mix was addeinal concentration of the isotojebeled THs were 0.08g/mL *3Ce-

T1, 0.1ng/mL ¥Ce-T2, -T3, and-rT3 and 5ng/mL °Cs-T4. The protein precipitate mixture
was incubated for 3thin at- 23 °C (= 3 °C) and further vortexed after IBin. Prior to pipetting

the sample into an Amicon Ultra 0.5 mL filg@erck Millipore; Carrigtwohill, Co Cork, IRL)

the samples were vortexed ecend time. The Eppendorf vial as well as the used pipette tip
were kepfrom each samplafter loadingt onto the filter and wereonsecutivelyashedwice

with 150uL 70 % aqueous MeOH. The centrifugatioithesamplesfter protein precipitation
wasat 14,000pm for 30min at 4 °C(Eppendorf Centrifuge 5417Rppendorf AG, 22331
Hamburg, Germarj)yand the following centrifugation afteachwash step were at 14,060m

for 15 min at 20°C. The eluate was transferred into a 1 mL LC clear glass vial (Labsolute Th.
Geyer GmbH & CoKG, Renningen, Germany), and evaporated to drynesS§Giudihg an
Infra-Red Vortex EvaporatofiR-Dancer 360 Hettlab, Andreas Hettich GmbH & Co. KG,
Tuttlingen, Germany)The dried pellet was resuspended in@8VieOH, soniated for around

5 min and 42uL Milli -Q water was added to reach a final volume of Q40Prior to analysis

the LC glass vials were sealed using a silicone Micromat (Thermo Fisher Scientific,

Langerwehe, Germany).

4.1.2 Total THs in Rat Brain

Rat brains werdyophilized to ensure an improved homogenization of the tissue by
pulverization (Bead Ruptor Elite, biolab products, Bebensee, Germaayproceed with
sample preparation a definite amount of pulverized brain was weigltgbending on the age
and brain region of the given rat whichligedin Table13. After adding 30QuL phosphate
buffered saline (PBS) to the weighigdbrain samples, they were sonicated fonif. Then
20 uL of the internal standard mixed was pipetted and mixed at 1,400 rpmrianlThe final
concentratios of the **Ce-labeled internal standards were AgimL *3Cs-T1, -T2, and rT3,
0.4ng/mL 3Cs-T3 and 0.5ng/mL 3Cs-T4. The Bllowing protein precipitation was conducted
by adding 90QuL 1 % FA in acetonitrile (ACN) and continued as described alexcept that
instead of usingn Amicon Ultra 0.5 mL filtera 0.22 um Ultrafre€CL filter (UFC40GV,
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Merck Millipore; Carrigtwohill, Co Cork, Irelandyvas utilizedand the centrifugation times
were 15 min at 5,100pm at 4 °C and énin and 10min at 5,100 rpm at 28C (Centrifuge
4K15C, Sigma Laborzentrifugen GmbH, 37520 Osterode am Harz, Gejmaddgitionally,

the washing steps involved 20Q 80 % aqueous ACN. Due to the high volume at the end of

this procedure@®1 mL) a twotimes evaporation was needed.

Table 13. Amount of weighedin brain per age and per analyzed brairregion.

Age Brain Region Amount [mg]
Cerebellum all
PND4 Cortex 7
Whole-Brain 7
Cerebellum 10
PND21 Cortex 20
Whole-Brain 20
Cerebellum 20
Adult Cortex 40
Whole-Brain 40

4.1.3 Total THs in Formalin-Fixed and Paraffin-Embedded Rat Brain

A first test trial to extract THs from formatiixed (FF) and paraffirembeddd (PE) half
brain from adult rats (n=2) was establishetbm each rat brain one half was prepared with a
different tissue fixation meaning either embedded in paraffin or fixed in formalin.

First testing of preparation regarding the formdixed halfbrain consisted only of washing
it in Millipore water prior to freezing at80 °C. On contrary, theEhalf-brain was placed into
a beaker with hot water (~7&D °C) to melt the paraffin in which it was embedded as four
pieces. After around 1fin the brain pieces were transferred into a second beaker with hot
water using forceps to wash off remaining @maresidues. This washing step was repeated
two more times prior to freezing it at80 °C. Both tissue preparations were lyophilized and
afterwards pulverizedBead Ruptor Elite, biolab products, Bebensee, Germadaggy
pulverization was achieved regarding tRE tisste, however PEhalf-brain did not yield a
homogenous pulverization. Thus, 8@ of brain pieces were weighed whereasng0of FF
powder was weighed in for analysis. The subsequent sample preparation was conducted as
described undet.1.2

For the second testing the procedure was modified as follows. FBraaifwas washed twice
with 100 % Ethanol (EtOH) for around 5 min after which it was placed into a flask with PBS
under mixing at 150pm. Every 2 h PBS solution was replaced and aftér BBS was
exchanged with Millipore ED in which it was incubated overnight gentle mixing at f5@.
The second halbrainembedded in paraffin was initially handled the same way as described
for the first procedureAfter washing in hot water, the foualfibrain pieces were immersed in

a descending EtOH series from 100, 95, 85 to 75 % (v/v). Each series step was performed twice
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and each time for Bin. Ultimately, the hatbrain pieces were washed in Millipore® and
incubated overnightvhereas during the dayillipore H.O was exchanged around every.2 h
The next day the tissues were prepared for lyophilization, weighaad prepared for analysis
as described unddr1.2

4.1.4 rT3 and T2 in Human Liver Microsomes

The estimation of DIO1 inhibition was assessed using human liver microsomes. This
assessment was done dooperationwith a laboratory in the department fEx per i ment a
Toxi col ogy aBA8FSEio budvdgghafén which have previously published the
validation of the DIO1 assay using the San#allthoff (SK) reaction as readout paraméter
130 Prior to sample preparation, the samples were diluted 1:400 in two dilution steps because
of the high concentration of substrate rT3u{@) used in the assay. From the final dilution
50 L was taken, 2QuL of isotopelabeled standard mix added and preplaas described in
section4.1.1+3%,

4.1.5 Free THs in RatPlasma

During method development to evaluate free TH (fTH) fraction in rat plasma, two different
method approaches were tested. At the beginning, physiological spiked PBS was used to assess
recovery duringdevelopmentPBS was used because no TH free rat plasma was available
which could function as an analyte free matrix but also dukettigh volume needexhdto
the limited availability of rat plasma samples analysis of spiked rat plasma compared to

nonspiked plasma was not possible

4.1.5.1 Ultrafiltration (UF)

For ultrafiltration (UF) Centrifre® centrifugal filters(Merck Millipore Ltd., Carrigtwohill,
Irleand) were utilized because it has been shown that they exhibit better performance than other
UF device$®. Plasma vials were equilibrated to 37 for 15min and a plasma volume of
200pL or 300uL was added onto the device. The samples were centrithgaagh a 30 kDa
membraneat 2539rpm for 30min at 37°C (Allegra X-15R Centrifuge Beckman Coulter
GmbH, 47807 Krefeld, GermahyT he ultrafiltrate was transferred into a LC glass vial to which
the internal standard mix was added and evaporated to dryness. Like the other samples, the

dried pellet was resuspended in }40aqueous MeOH.

4.1.5.2 Rapid Equilibrium Dialysis (RED)
Rapid equilibrium dialysis (RED) was conducted with PiErd@ED Device SingleJse Plate
with Inserts Thermo fisher scientific, Illinis 61101 USA) and a membrane molecular weight
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cutoff (MWCO) of 8kDa. The plasma sample (200 or 300 was pipetted into the sample
chamber (surrounded by the membrane) and 400 opb3%BS (100 mMSodium Phosphate

and 150 mMSodium Chloride) into the buffer chamber. The plates were incubated for either
6 hor 16 h to reach equilibrium of the fTH fraction. A volumedd80 uL was removed from
each chamber into separate LC glass vials except the extracted volumetleitsaimple
chamber which was added inta Bppendorf tube for protein precipitatigeee4.1.). All
samples received isotofebeled standard mix, were evaporated, and resuspended witlh. 140
agueous MeOHThe volumetakenout of the buffer chamber is analyzed regarding thesfTH

concentration in the given sample.

4.1.6 TSH in Rat Plasma

The TSH method development is not terminated yet, therefore the current status of sample
preparations subsequently described. To remove the higimdant albumin in rat plasma a
PureProteorrfe Albumin/IgG Depletion Kit(Merck KGaA, Darmstadt, Germanwasused.
Therefore a working solution of 1 x PB&tock solution 10 x PBSyas prepared and 93
of the magnetic bead solutionas inserted into a &L Protein LoBind Eppendorf tube
(Eppendorf AG, Hamburg, Germanyhe magnetic beadgre attracted magnetically towards
the bottom of the sample tube from which the storage solutassnremoved. This procedure
was repeated twice using 5@ 1 x PBSto wash the magnetic beads. In parallel, the rat plasma
samplewas diluted in 1 x PBS to a final volume of 100 (1:4, 25uL plasma & 75uL 1 x
PBS). The diluted plasma samples added to the washed magnetic beads and then incubated
for 60min under continuous mixing abom temperatur¢RT). The depleted plasmaas
separated magnetically from the beads and saved in a separated sample aureal step the
magnetic beadsere washed three times with 500 1 x PBS whereas the wash fractiovse
combined with the depleted plasma. The obtained plasmawenker standardized reduction,
alkylation, and protein digestion protocol for which lastly the sanvpds incubated with a
Trypsin/LysC Mix overnight at 37 °C. The next day the reactieas stopped with FA (final
0.51 %). As a last cleanup the digested plasma sampés purified using &6-well plate
OasisMixed-Mode CatioreXchange MCX, 10mg sorbent/well, 3@um, Waters Eschborn,
Germany) offline SPE cartridge platé=irst, the wells were conditioned using 540 of a
ACN/H20/25% ammonium hydroxide solution (15:4:1, v/v/v), washed with 5000 %
MeOH, further washed with 5Q6L 0.1% FA in KO (v/v) after which the entire sample was
added into the welindagain washed twice with 5Q0. MeOH/H.O/FA (80:20:1, v/viv) After
each of these steps the-@@ll plate was centrifugeidr 2 min at 2000pm at 4 °C utilizing the
slowest acceleratiofUniversal 320R CentrifugelTyp 1406 Hettich Centrifuges, Andreas
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4.2 Instrumentation

Hettich GmbH & Co. KG, 78532 Tuttlingen, Germauayd the eluate was collected in a waste
plate which was discardetllltimately, three elution steps were conducted each time with
150uL ACN/H20/25% ammonium hydroxide solution (15:4:1, v/v/v) whereas prior to
centrifugation the well was incubated with the solution for around 1nin2at RT and the
subsequent eluates were combin€de collectedeluates were evaporated until dryness at
40°C.

4.1.7 TH Analysis in Whole Zebrafish Embryos

The TH analysis in whole zebrafish embryas done in cooperation withlaboratory in the
departmentofi Ex per i ment al T o x atBASF 8Ky LudwigshafedBwho | o gy 0
conducted the zebrafish embryo exposure and thus provideelitafish embrysamplesThe
pooled zebrafishembryos (n=50) were transferreffom the delivered viainto a 2 mL
Eppendorf plastic viaby addingl mL 80:20(w/w) Isopropanol: HO to facilitate the transfer
as well as ensure extraction. Further the isctapelled standarcix (20L) and one 3nm
steel ball were inserted into the solution. Homogenization and extraction of the sample was
performed on a Bead Ruptor Elite for 3 x & at 4.8%n/s (biolab products, Bebensee,
Germany) as previous stated for rat brain tisgd=rwards, the steel ball was removed, the
solution centrifuged for 1fhin at 12,000pm at 15°C (Eppendorf Centrifuge 5417R
Eppendorf AG, 22331 Hamburg, Germaifgllowed by removal of the supernatant into a LC
glass vial for evaporation to dryness. Aslhabove sample preparation descriptidhe pellet
was resuspended in first @8 MeOH, then sonicated and lastly g Milli -Q water was
pipetted to reach a final volume of 14D.

4.2 Instrumentation
4.2.1 Online Solid-Phase Extraction nline-SPE)

After sample preparation described above, additional alpamas provided through bne
SPE using a Symbiosis Pharma Systeefefred to as Sparl§park Holland, Emmen, The
Netherlands). The cartridges selected were Gasisline SPE hydrophilitlipophilic balance
(HLB) cartridges (10 x 1 mm & 10 x@&m, 30um, Waters, Eschborn, Germany) due to their
ability to capture all analytes. A slightly bigger cartridge was used for TH analysis in rat brain
because of thkigherlipophilicity of the matrixfor which a few parameters regarding the SPE
procedure had to be changed. The SPE procedures for both cartridge sizes are dégicted in
3. One of the main parametehangesvere the higher wash volume as well as the increased
wash volume flow ratelThe highpressure dispenser two (HPD2) focusing mode was used for
completeelution of all analytedrom the cartridge. The TH analytes reflect a broad range from
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4.2 Instrumentation

less to strong lipophilic properties, therefore it was not possible to elute all analytes from the
cartridge byaliquid chromatography (LC) gradient sufficiently and in a short time. The HPD2
focusing mode elutes all TH analytes from the cartridge because of elution with ¥@DH.

After passing through theartridge the analytes encounter the LC flow at 20(.1% acetic

acid (AA) in HO transferring them onto the LC column.

Online SPE 10 x 1 mm Cartridges ][ Online SPE 10 x 2 mm Cartridges

r s
Conditioning Conditioning
+1000 pL. MeOH 5 mL/min +1000 pL. MeOH 5 mL/min
\ \. J/
s s
Equilibration Equilibration
+1000 uL H,O 5 mL/min +1000 uL H,O 5 mL/min
\. \. J/
'S ™\ s N
Sample Load Sample Load
+112.5 pL Injection +112.5 pL Injection
+500 puL 0.5 % FA in H,O | mL/min +500 uL 0.5 % FA in H,O | mL/min
J \
Wash Wash
+500 pL 1:1 MeOH:0.5 % FA in H,O | mL/min +1000 uL 1:1 MeOH:0.5 % FA in H,O 2 mL/min
Focus Mode - Elution Focus Mode - Elution
+High Pressure Dispenser Elution using 300 pL +High Pressure Dispenser Elution using 200 pL
MeOH 0.1 mL/min MeOH 0.1 mL/min

Figure 3. Schematic SPE procedure utilizing Oasis online SPE HLB cartridges in sizes 10 x inm and 10
X 2mm.

4.2.2 Liquid Chromatography (LC)

After HPD2 elution, the TH analytes are timely separated on a Raptor biptwoghn
(2.7¢ m, 5 0 mmm,IResgek, Bellefonte, PA, USA). The Raptor biphenyl column was
chosen because of the -interaction between the aromatic rings which captured the broader
hydro, lipophilic range of the given TH analytes compared to a€il8&mn. As mobile phases
(MP) 0.1% AA in H20O (MRA) and 0.1% AA in MeOH (MPRB) were chosen because it
showed improvedgak intensity. Additionally, it has been reported that ACN supprésses
interaction supplied by the biphenyl colutfh The LC pump flow rate during HPD2 elution
was set at 0.inL/min 100% MP-A which increased after elution to the final flow rate of
0.3mL/min and the initial gradient of 9% MP-A. The LC gradierd ardisted inTable14 and
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4.2 Instrumentation

Table15. The differences between the LC gradients occurred because of less analytes (T1, T2,
rT3, T3 & T4) incorporated during rat brain analysis compared to analysis in plasma (MIT,
DIT, T1, T2, rT3, T3, T4, T45luc, and T4-SQy). Furthermore, during brain method
development a Spark instrument exchange took place due to maintenance of the initial
instrument. This exchange caused inter alia the shorter HPD2 elution time (performance

differences between Spark instruments) whichsecntivelyled to a shorter LC run.

Table 14. LC gradient used for theanalysis of plasma samples.

Time [00:00 min] MP-A [%] MP-B [%]
0:001 100 0
03:00 100 0
03:30 95 5
05:00 60 40
10:00 30 70
10:30 0 100
12:30 0 100
13:30 100 0
16:00 100 0

Table 15. Time and MP composition during LC gradient for TH analysis of brain samples.

Time [00:00 min] MP-A [%] MP-B [%]
0:001 100 0
02:00 100 0
02:30 95 5
03:30 50 50
08:30 30 70
09:00 0 100
11:30 0 100
12:30 100 0
15:00 100 0

4.2.3 Mass Spectrometry (MS)

TH analysis vas performed on a Triple Quad 5500 Mass Spectrometer (MS, AB Sciex
Instruments, Framingham, MA, USA). It was operated in positive electrospray ionization mode
using multiple reaction monitoring (MRM). MS parametesese first adapted from previous
measurement&hich were used for plasma analyarsld in the course of method development
focusing orbrain matrix systemically optimizedhe initial(plasma)and later adjusted general

MS parametergbrain)are recorded iable16.

Table 16. Enumeration of general MS parameters used for plasma and brain method.

Curtain - lon Spray lon lon
Method/Parameters Gas Collision Voltage Temperature | Source Source
(CUR) Gas (CAD) (S) (TEM) Gas 1 Gas 2
(GS1) (GS2)

Plasma 40 11 5500 600 60 70

Brain 50 8 5500 600 50 55
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4.3Method Validation

4.3 Method Validation

For both matrices eethod validation waaccomplished according to an internal standard
working procedureRef erence <criteria were adopted fr
par amet e Digedoraie®enetalhfa Health and Food SafdlyG SANTE) guidance
document @ SANTETh2 puppbst it B 8HdW that the selected analytes can be
determined with sufficient precision, specificity, and robustness in the given matrix
alternative for plasma matrix is the usage of HBISthe preparation of the standard curve
because of its physiological similarity in osmolarity and ion concentrations, as well as its
buffering capacityWith regards to the brain method development preparation of the standard
curve was switched to M MeOH because iteflects the resuspension solvent after
evaporation of the samples. Both methods were validated regarding the parameters specificity
and selectivity, matrix effect, cargver, linearity, limit of quantification (LOQ) and limit of
detection (LOD).

4.3.1 Linearity

In eachmeasurement standard curves were included in dupligat@} at the beginning and
end of each acquisition batc8ince T4 has a much higher expected concentration in plasma
compared to the remaining analytes, its standard curve was prepared without the other analytes
at a certain concentration. This was not true for brain analysis because this yimetdag
similar concentrations between the analyksch standard curve ranged from the LOD to the
highest expectable concentration. Accuracy and precisieaich concentration of the standard
curve was calculated from the LOQ to the highest ergecincentration. Therefore, accuracies
should reach 8815 % except at LOQ level set to-820 %.During evaluation the standard
curve was plotted by area ratio of the analyte and internal standard for each point-axithe y
and on the »axis the concentration ratio of the analyte and the internal standard. Additionally,
1/x weighted and the coeffent of determination Rwas establishedThe criteronis hereby
to be fulfilled R to be 0 0.99. Unknown concentrationvas calculated for each individual

analyte by solving for x via linear regression.

4.3.2 Carry-Over

The analytes should not be carried from sample to sample since it would falsify the result. To
investigate for this criterion two PBS blanks were injected following the highest concentration
of the standard curve and assessed regarding detectable asiglya:sOnly the signal in the
first injected PBS blankvas verified and the signal should not exceed®@0f the analytes
signal at LOQevel.
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4.4 Data and Statistical Analysis

4.3.3 LOD and LOQ (Accuracy and Precision)

The LOD is defined as 3% of the LOQ and it is the lowest concentration in the standard
curve. The LOQ is the lowest quantifiable concentration in the standard curve and accuracy and
precision of each method was verified atLi@Q concentration as well as 10 x LOBive
technical replicates at LOQ and 10 x LOQ level were prepared and quantified for the recovery
of the added concentration. Precision was defined as the relative standard deviation (RSD).
RSD is calculated through the division of the standi@dation by the mean and lastly times
100 to reach the final unit in percentage. The implemented accuracy/recovery range is 70 to

120% with a precision smaller than 26.

4.3.4 Specificity and Selectivity
Specificity and selectivity examine the analytes quantification without possible disturbances
within the matrix.To do so one solvent blank as well as two PBS blanks were measured and
guantified regarding possible analyte peaks. The analytes area found in each blank is evaluated
to the mean analytes area at LOQ level and reportgerasntage%]. The analytes signal

found in each blank should not exceed’8®f the analytes signal at LOQ level.

4.3.5 Matrix Effect
Influential effect of the matrix onto sample analysis was estimated by comparing the signal
of a sample in solvent and matrix to another. As both matrices naturally contain THs a
comparison of e.g., T4 in a solvent to a matrix sample is not possibleefi@oe this problem
the signals of the isotogabeled TH in these samples were compared. A matrix effect is present
when the signals devia#e20 %.

4.4 Data and Statistical Analysis

Acquisition data of each measurement was evaluated using MultiQuant Software Version
3.0.3 (AB Sciex LLC, Framingham, MA, USAJGraphPad Prism software version 8.0.2
(GraphPad Software, San Diego, CA, USA) was appliedidostatistical and graphical
evaluation of the data. TH@neway ANOVA (BrownForsythe and Welch ANOVA) using
unpairedt with Welchd s ¢ o rwaseperformedrio determine statistical significance with a

critical p value set to 0.05.
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5 Results- 5.1 MS Optimization of Analyte Peak Intensities

5 Results

5.1 MS Optimization of Analyte Peak Intensities

Mass Spectrometry (MS) optimization was conducted priethod validatiorto improve
peak intensityDuplicates of Gng adult rat brain were prepared according to sectiGr?
except that they were resuspended in a tataimeof 950uL 70 % MeOH. From this diluted
brain matrix Ing/mL standard samples were prepared for measurefitentptimization was
done sequentially starting with the parameter Curtain (G&fR) followed by lon Spray,
Temperature, Gas (GS1) Gas 2(GS2), and Collisional Activated Dissociation GAD).

Analyte and isotopéabeled internal standard peak heigbfstheir most prominent mass
fragmentsvere compared individually between the values tested for the given parameter. The
tested value of everygpameter resulting in the most intense peak were selected to proceed with
during optimization procedure. These selected values are additional highlightetlassta

in eachfigure. Besideghat,final valueswere written in red script in the text fields below each

g r a pegehcFigure4dcont ains results for the optimizat
Al onsprayo, and ATemperatureo. As indicated
values were 50, 5500, and 600°C respectivelysince the highest peak intensities were
achieved for all mass fragmentdS parameter optimization was continued with GS1, GS2,

and CAD as seen irigure5. Test injectios for the last two tested GS2 values (40 andabis)

CAD optimizationwere prepared in PBS instead of diluted brain matrix déi@ishing of the

diluted matrix. The final selected GS2 value of 55 was assessed by test injections prepared in
diluted brain matrix and PBS. Lastly to gain a reference value for ongpingization using

test injectionsn PBS. Further optimization was achieved for GS1 with a value of 50 instead of

the initial 60 and for CAD of 8 instead of 1Qverall, the optimized MS parametevere CUR

50, lon Spray 550¥, Temperature 600C, GS1 50, GS2 58nd CADS.

Besidesthat, and @& mentioned in method sectighl.6 experiments were conducted to
analyze TSH in rat plasm¥arious sample preparation procedures were tested such as at the
PureProteone Albumin/lgG Depletion Kitwere introduced to remove thegh abundant
albumin in rat plasmdahe aim was to remove the concentration of albumin to increase potential
detection of the low concentrated T3Hich was still not detecteth literature concentration
of TSH in rats has been estimated for example arounayIn8L in 16 week old rats and around
2 ng/mL in pregnant and lactating ratkich weretypically evaluated with immunoassays such
as radioimmunoassay (RIRY 135 Conclusively, method development was not sufficient to

detect TSH in rat plasma.
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Figure 4. Procedure of MS optimizationfor parameters Curtain Gas (CUR), lonspray, and Temperature

The xaxislists pairwisethe analyte and its isotogi@beled internal standard (TH €Cs-TH) to the detected peak

height [cps] at the given parameter setting on t#axig The tested parameters are depicted as differentially
colored symbols, and a blue star highlights the ultimately selected parameter value in each graph. Furthermore,
the text field next to the graphs lists the remaining parameter values and those gitengd are written in

red. The optimizationfor the first parameters were Cuirrnt a Ga 91d o nan@ endey dvith parameter
fiTemperaturewhich values were selected to be 50, 5808nd 600°C accordingly.
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Figure 5. Second part of MS @timization for parameters Gas 1 (GS1), Gas 2 (GS2), an@ollisional

Activated Dissociation (CAD).

The xaxislists pairwisethe analyte and its isotogi@beled internal standard (TH €Cs-TH) to the detected peak

height [cps] at the given parameter setting on t#axig The tested parameters are depicted as differentially
coloredsymbols,and a blue star highlights the ultimately selected parameter value in each graph. Furthermore,
the text field next to the graphs lists the remaining parameter values and those already optimized are written in
red. The optimized values fgrarameter§GS1, AGS2, andACADO were determined to be 50, 55, add
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5.1 MS Optimization of Analyte Peak Intensities

After completing general MS optimization, collision energy (CE) for every rimragment
was optimized. Consequentbteps oR V or 5V were added as well as subtracted from initial
CE values and the resulting peak heigkénsitiesvere compared. The results are graphically
illustrated per analyte and its corresponding isolapeled internal standard Figure6 and
Figure7. In the legendhe initial CE is recordedext to the name of every symbéior all
investigated mass fragments an increase in peak height intensity was detected by ¥dding 2
the nitial CEvalues, thus this setting wakosen as the final value.
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Figure 6. Peak heightintensitesofth e | ast opti mi zed MS p@(CE foeanayte A Col | i
T4 and T3 and their isotopelabeled internal standards.

The top graph depicts results {64 mass fragments and its isoteladeled analog and below the results T8r

and3Ce-T3 mass fragmentg he y-axis shows peak heigftps] and, on the saxis the examine@E as well as

the initial settingsare plotted. The initiaCE valuedor every masfragmentis recorded next to its symbol looth

legend. The examined energies are derived from there by adding and subtragtiog5/ asindicatedon the

x-axis. Dots refer to the mass fragments of the analyte and triangles to the mass fragments of thiaissltabe
analog.Final optimized CE value was selected by addingta the initial value which is marked by a red box in

both graphs.
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Figure 77MS par amet er A ©(CE)loptimizaton forBETeT2,@yd T1 as well as theirisotope

labeled internal standards.

The top graph depicts results far3 mass fragments and its isoteladeled analog and below the resultsTar

and T1 and their respective isotopy@beled analogThe y-axis shows peak heiglitps] and, on the saxis the
examinedCE as well as the initiadettingsare plotted. The initiaCE valuedor every mas$ragmentis recorded

next to its symbol iboth legend. The examined energies are derived from there by adding and subtra¥ting 2

or 5V asindicatedon the xaxis.Dots refer to the mass fragments of the analyte and triangles to the mass fragments
of the isotopdabeled analog. Final optimized CE value was selected by addinig 2he initial value which is

marked by a red box in bothaphs.
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5.2 Method Validation

5.2 Method Validation
5.2.1 Total THs in Rat Plasma

The results of the validation parameters are depict@aloe17 andTable18. As it can be
seen all analytes fulfill the needed criteria which are additionally listed next to the parameter in
the table below. Furthermore, the chosen calibration range including the lowest point, the LOD,
and the_OQ are summarized. Notable, T4 incorporates higher concentrations compared to the
remaining analytes which is because of the naturally higher concentration in plasma.
Accordingly, LOD, LOQ and the calibration range were adapted towards expected T4
concentration in plasmaccuracies at LOQ and 10 x LOQ levels were determined within the
needed 720% range with an overall precision lower thafo8 Specificity in analysis was
established by not transcending%@Q0of the analytes LOQ signal in neither the salvnor in
the PBS blank. Lastly, cargver was reduced by including a blank sample after each plasma
sample so that each analytes signal was not exceedtgoBas signal at LOQ leveln Table
18 the validation results for the additional analytes MIT, DIT-Qlic, and T4SQ, are
summarized whichesultsall in all complete the given criteria, however-$& did not fulfill
criteria for the accuracy of the LO@elow 70%) and MIT as well as TGluc resulted in
accuraesat 10 x LOQlevelslightly above 12@%. Overall this method validatiofor plasma

matrixwas concluded as successful.
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5.2 Method Validation

Table 17. Plasma methodvalidation results for each category and analyte T1, T2, T3, rT3, and T4

When no peak area wdstectedi he gi ven cell is marked with AN/ AO.
Section Parameters Criteria T1 T2 T3 T3 T4
Quantifier / 341 480 606 606 732
Calibration range / 0.00% 0.008 0.006 0.006 0.97
Standard [nM] 0.025 0.381 0.307 0.768 45.05
solutions R? 00.99 | 0.9986 @ 0.9979  0.9936 0.9985 0.9932
& Slope / 0.23218 | 1.08280| 1.04202 | 3.22434 | 0.75281
Linearity -
Intercept / 0.01890 | 0.01234| 0.00259 | 0.04797 0.000431
LOD [nM] / 0.007 0.009 0.007 0.007 1.0
LOQ [nM] / 0.023 0.029 0.023 0.023 3.2
70-
0,
Accuracy Accuracy [%0] 120% 105.3 104.7 1100 1115 88.2
& RSD [%)] <20% 5.1 4.9 6.8 2.7 2.0
Precision 10 x LOQ 70-
accuracy [%] 120% 109.5 1120 109.4 113.9 101.1
10x '-[30? RSD | <200 | 37 7.4 5.9 3.3 2.7
Solvent [%)] N/A 8.1 7.3 124 14
Specificity | PBS Blank 1 [%)] N/A N/A 28.6 28.0 1.2
0 R
Pgénl?l,(lzr;:(erzl[s{o] O30 % N/A N/A N/A 6.9 4.1
Carry - standard row [%] of LOQ N/A N/A 14.0 22.2 0.3
Over Blank after 2"
standard row [%] N/A 9.2 25.2 17.9 0.2
Table 18. Further validation results in plasma for analytes MIT, DIT, T4-Gluc, and T4-SO.a.
When no peak area wdstectedt he gi ven cel | is marked with AN/ AO.
Section Parameters Criteria MIT DIT T4-Gluc T4-SO4
Quantifier / 1350 387.9 7320 7320
Calibration range
Standard [ng/mL] ’ / 0.062.5 | 0.0150.5 | 0.0150.5 0.031
solutions & R? 00.99 0.9965 0.9934 0.99596 0.995
Linearity Slope / 0.02620 | 0.03960 | 0.00472 0.29775
Intercept / 0.02347 | 0.02841 @ -0.000598| 0.05299
LOD [ng/mL] / 0.06 0.015 0.015 0.03
LOQ [ng/mL] / 0.20 0.05 0.05 0.10
Accuracy [%] 70-120 % 97.6 93.0 102.9 67.5
Accuracy RSD [%] <20 % 8.9 6.2 19.7 14.5
& Precision 10xLOQ 70120% = 122.1 1040 120.9 89.4
accuracy [%]
10x L[So? RSD 1 209 11.1 9.3 5.4 3.9
Solvent [%] N/A N/A N/A 9.0
Specificity | PBS Blank 1 [%)] N/A N/A N/A 29.0
9 R
Pglinlilzr;tlérzl[ sf] 30 % of N/A N/A N/A N/A
Carry - standard row [%] LOQ N/A 14.8 N/A 26.2
d
Over Blank after 2" N/A N/A N/A 26.1

standard row [%]
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5.2 Method Validation

5.2.2 Total THs in Rat Brain

The same method validation proceduredascriled for plasma samples was dofer the
matrix rat brainexcept that analytes MIT, DIT, ¥&luc, and T4SQs were not included since
they werenot necessarilgxpected in this matribAs recorded iTablel19, the analytes overall
fulfill the criteria listed. LOQ and 10 x LOQ were predicted within the named range and with
an overall RSD of lower than 2@ precisely ascertained. Due to the presence of all analytes in
brain matrix, a matrix blank for rat braina& missingTherefore specificity was detected in a
solvent blankwhich composed of thdinal resuspension solvent of the samples after
evaporationLike in the plasma method, a catoyer was detected and reduced by inserting
blank samples between the brain samples. Two blank samples were included after standard
concentrations abover®y/mL. Finally, method validation for TH analysis in rat brain matrix

was achievedoue to fulfilling the mentioned criteria ifable19.

Table 19. Parameters, criteria and resulting values per analyte for brain methodalidation.

When no peak area wdstectedt he gi ven cel | is marked with AN/ AO.
Caption Parameters Criteria T1 T2 rT3 T3 T4
Quantifier / 256 480 606 479 732
Standard rai%';b[rsém_] / 0.0:0.3 0.0050.5 0.0050.3 0.052 = 0.054
50"2'0”5 R2 00.99 | 0.99928 | 0.99373 | 0.99637 0.99936 0.99896
Linearity Slope / 0.61848 0.31903  0.25924 0.47977 0.56954
Intercept / 0.01777 | 0.02017 | 0.00205 -0.00721 -0.00233
LOD [ng/mL] / 0.006 @ 0.006 0006  0.045  0.045
LOQ [ng/mL] / 0.02 0.02 0.02 0.15 0.15
Accuracy Acouracy [%] | 70-120% 106 110 90 99 99
o RSD [%] <20 % 9.1 5.7 5.0 2.4 1.8
Precision | _10XLOQ ' 551500 99 116 98 92 104
accuracy [%]
10x '-[(f/?)? RSD | 509 3.7 3.9 3.6 3.0 4.2
Specificity Solvent [%] N/A N/A N/A N/A 4.9
Bs'g‘n‘ijsaar‘gergvlf ‘ N/A 58.47 | 137.63 @ 14.89 28.1
O30%of  N/A N/A 34.29 3.09 8.76
Carry - [%0]
Over Blanks after 2nd LOQ
andard fou N/A N/A 28.19 3.01 7.78
%) N/A N/A 11.86 1.7 6.38

5.2.3 Matrix Effect in Rat Plasmaand Brain

Both used matrices cont&id naturally THswhich iswhy it was not possible to verify for
matrix effects for the analytes themselves. However, it is assumed that the added isotope
labeled internal standards follow the same pattern during sample preparation and analysis as
the analytesThis is the reasowhy it is added to intercept deviations occurring during this
procedure. Therefore isotofmbeledinternal standargeak areas were compared between
matrix and solvent samplesichshould not deviate more thar20%. The results are depicted
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5.3 Robustness of the Sample Preparation

in Table20 demonstratinghat there is a substantial matrix effect in particular in brain matrix.
The seen matrix effect in plasma sampled lxthin the mentioned criteriaAs previous
mentioned the isotop@beled standarde/ere added to intercept any deviatiomgluding

possible matrix effectehich is why TH analysis in rat brain was proceeded.

Table 20. Determination of matrix effects in plasma and brain calculated per isotopéabeled standard.

Matrix 13Ce-T1 13Ce-T2 13Ce-rT3 13C6-T3 13Ce-T4
Plasma -20.0% -11.6 % 19.0% -18.5% -20.0%
Brain -72.0% -77.0% -79.0% -77.0% -82.0%

5.3 Robustnessf the Sample Preparation

Pooled plasma and brain samples were generated to noreatizenalytés concentration
independent ofexto get a better view of fluctuation possibly caused by sample preparation.
For each matrix podrom one studymatrix control samples fronenfemales anden males
were combinedo generate a pool from whidechnical replicatesvere included in each
measurement. Consistency in gdenpreparatiorwas verified byRSD for which a low value
refleciedlow variability between the technical replicatesTable21 all RSDs of all analytes
and matrix pod arelistedand sorted per samplirday (d) and ageA low RSD was defined
as below 206 orientated from RSD criteria regarding precision in method validation.
Especially analytes T3 and T¥ere in every group belo®0 % and therefore it is assumed that
sample preparation is robust and dot majorlyinfluencevariation within a sample group.
Analytes rT3 and T2vere above 206 in three of seven grouger which it needs tde
mentioredthat T2concentrationn plasmavere mostly below its LOQ valué better overview
of fluctuation between different pools generated in different yednish were measured
alongside individual sample analysis during this proje presented for the technical
replicates ofeachadult plasma pool per analyte Figure 8. Symbols indicate the different
analytes for which dots depict T4, squares T3, triangles rT3, and stadsdrall, 99 technical
replicates were detected whereascdBcentratiortould bedetectedn 93 out 0f99 because of
the previous mentioned reason. The technical replice¢es divided peryear ofstudy pool
which wasalso visually separated by red solid lines. The corresponding year of every study
from which pools were generated are written within each section. Usually in sectionsgclud
more than five technical replicates more than one pool from the given study were aniadyzed.
yielded aa RSD 0f14.2% in adult plasma pools which is reflectedigure8 by the dots (T4)

A decline to the lastsection is visible for analytes T3, rT3, and T2, howeorésr to the last
section they obtaired steady valuesThis discrepancyaffected the corresponding RSD
calculationwhich resulted in higher valuder the remaining analytes excdpt analyte T4
which were as follow21.1% T3, 2.7 % rT3, and 8.4 % T2. Thelastsection of technical
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5.3Robustness of the Sample Preparation

replicates vasmeasured within the beginning of method us@ogginning of projectand thus

might be associatetb sample handling being less proficient even thoughstesned to only

affect T3, rT3, and T2 sincewas not reflected in T4 values.

Taking everything into account, was concluded that sample preparatwas robust and

consistent foall analytes whereas rT3 and WW&re more prone to higher variation than T4 and

T3.

Table 21. RSD in percentage for each analyte and matrix pool from all studied examined and sorted per

samplingday [d].

T1 concentration was not detected in @ofithe investigated samples and the cells are marked with a slash symbol.

RSD [%]/Analyte T1 T2 rT3 T3 T4
Brain (adult after 28d, n=25) / 28.3 (n=14) 31.3 (n=17) 13.9 18.5
Brain (adult after 7d, n=13) / 22.6 (n=10) 15.9 16.5 16.9
Plasma (PND21, n=19) / 18.9 23.3 7.8 10.1
Plasma (Adult after 28d, n=99) / 38.4(n=93) 32.7 21.1 14.2
Plasma (Adult after 7d, n=9) / 12.7 154 3.9 8.5
Plasma (F2, n=5) / 9.2 6.3 5.1 8.1
Plasma (F3, n=4) / 9.9 9.03 1.6 3.1
Adult Rat Plasma Pool
2004 2005 2006 2007 2013-2014
:1.-.w W"‘-ﬁ 00" 0™t A L oagso g0t e,y 0 T4
Soter,! m T3
15 A T3
1.2- i '-. * T2
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Technical Replicates

Figure 8. TH concentrations of technical replicates from varioustudy rat plasma poolssorted per year.

Analytes are depicted as different symbols such as dots refer to T4, squares to T3, triangle to rT3, and stars to T2
which order also indicates the decrease in concentration. Technical replicates are digtlely pgol and year

visible by the red solid lines. Furthermore, the manufacturing year osaatypool is indicated above its section.

In total, a number oB9 technical replicates were measuiedvhich only T2 was not detected in all of them.

46



5.4Method Development and Detection of Free THs in Rat Plasma

5.4 Method Developmentand Detection ofFree THs in Rat
Plasma

5.4.1 Comparison of Two Method Approaches forFree TH Analysis

The free TH fraction in blood is less thaf4dlof the total concentration and actively enters
tissue cells to mediate gene transcription. Method development to analyze the free fraction in
plasma was established to estimate whetttegnges inTH concentrationscaused by a
substance might be earlier detectable in the free fradtibile examining the potential of both
method approachésee descriptions.1.5.1& 4.1.5.9 mostly spiked PBS with physiologically
TH concentratioawas utilized because of the high volume needed, the limited availability of
rat plasma samples and the lack of analyte free matrix namely plasma withastdBidcribed
in sectiond.1.5 In thesdollowing subsection§.4.1.1 5.4.1.2 and5.4.1.3the isotopdabelled
internal standard midS-mix) was added every time after the separation method meaning prior
to evaporation of the given sample. Thus, potential analyte loss during the separation procedure
was not intercepted by the internal standard.

5.4.1.1 Ultrafiltration (UF) Method

During development of the UF method three parameters were optimized: centrifugation force,
sample volume and washing steps of filter. Prior to starting with the optimization an initial
experiment was tested with parameters obtained from the Cer@ribéeafiltration Device
User Guideshown inFigure 9A. The User Guide recommegdiusing a fixedangle rotor
centrifuge rotothoweverdue to noravailability, a swingingbucket centrifuge rotor (Allegra
X-15R, Beckman Coulter GmbH, 47807 Krefeld, Germany) was used. This approach did not
include an evaporation of the ultrafiltrate whereas a filtrate of aroun@ll2@s taken and a
total volume of 20QuL was pria loaded onto the filter. Based oretieresults evaporation after
filtration was reintroduced and the centrifugation force was first assessed while simultaneously
testing different loading volumes. The samples were edéstrifuged with 1,000, 1,500, or
2,000x g in a loading volume d200puL or 300uL. As seen irFigure9 B & C the calculated
recovery was the highest at 1,509 with which further optimization was continued. In a last
step the filter was either coated with a solution to prevent binding to polymer surfaces
(BiofloatE Clean Coating Solution, faCelliate, Chemovator GmbH, 68169 Mannheim,
Germany), preonditioned with filtrating Millipore water, the eluate cup was rinsed afterwards
with MeOH, or a combination of the last tvgtepsto increase recovery of the analytes. No
significant i mprovement was achi eved#tigufeor nor
9D, however since T1 was detected whenywashing the filter membrane with Millipore water

subsequent experiments inclddais step.
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5.4Method Development and Detection of Free THs in Rat Plasma

5.4.1.2 Rapid Equilibrium Dialysis (RED) Method

The same development approach principle was applied to the RED method. First an initial
experiment was conducted orientated on #wailable RED User Manual. Like the UF
approach PBS was spiked in physiological TH concentrations for RED to determine their
recoveries by calculating measured TH concentratiBarameters optimized for RED were
incubation time and mixing rate. Ifrigure 10A all calculated recoveries were below @0
and the lowest was obtained for T4 (around@@0In the first experiment the removed sample
volume from the chamber was not evaporated wistdpwas reintroduced afterwards. The
testing of different incubation times and mixing rate gained a small increase in recoveries as
seen inFigurel0B & C.
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5.4Method Development and Detection of Free THs in Rat Plasma
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Figure 10. Graphical illustration of recovery results applying RED approach.

A) Initial experiment to examine handling of method and estimate TH recoverieg3 Bnd T4 recovery
calculations after incubating fort6or 16h as well as at different mixing rates. C) The graph shows recovery
results for remaining analyt€$3, T2, andT1 under same conditions as described under B).
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5.4Method Development and Detection of Free THs in Rat Plasma

5.4.1.3 Comparison of Methods Regarding-ree TH Detection in Rat Plasma
Pool

After optimizing both method approaches, a first trial analyzing rat plasma pool was
implemented. Rat plasma pool volumes of p00and 300uL were examined with UF and
RED approach. The RED approach was additlgnatubated for either & or 16h with both
vol umes. The final sampling from the <chambe
chamber o obtaining fTH fraction, buedthel so o1
initial added plasma sample meaning the preb@uand fraction. The final URapproach
involved prewashing of the filter membrane with Millipore water, awas followed by
centrifugation of the plasma sample at 1,%00 for 30 min at 37C. All samples were
evaporated to dryness and resuspended iulL4@ueous MeOH before analysis. Free fraction
was detected for analytes T3 and T4 in both method approachiesWhand T2 were also
guantified measuring the protdmund amount using RED depictedrigure1l. The detected
free fraction wasO 2% of the proteifbound TH fraction for T3 and T#hereas for the

remaining analytes no free fraction was determined
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5.4Method Development and Detection of Free THs in Rat Plasma
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Figure 11. Analysis of free and bound fraction of THs in rat plasma poousing RED.

In eachbargraph the free and bound fract&(duplicates per sample volume and incubation tiareplotted on
the xaxis against the corresponding concentration [ng/mL] on thgisg On thetop left results forT4 are
depicted,on the top rightT3, andbelow resultsfor analytesrT3 and T2. The red solid lines further visually
partition the samples paired by volume and incubation time examined. NG &esd T2 was detected.
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5.4Method Development and Detection of Free THs in Rat Plasma

In Figurel2detectedTH concentratiosare presented after testidgferent plasma volumes
andtestingunder different experimental conditions usgitherUF or RED. The methods are
visually divided by a red vertical line and a black vertical line sephiiagtdrom T3 results. It
was striking that final concentrations detected usingngfe around three times lower than the
concentrations detected using RED. The method approach RED was selectedifration
of method development.

Rat Plasma Pool - fTHs

0.164 mEm 200 L - UF
B 300 pL - UF
0.124 31 6 h-200pL - RED
&4 16 h-200 L - RED
- 0.08+ 3 6h-300uL-RED
% KN 16 h-300 L - RED
= 0008 1
(1] . -
£
g \ N
T 0.006- %
0.004 - §
0.002+ § I_i
0.000+ \

Analytes

Figure 12. Detection of fTHs in rat plasma pool using UF and RED approach.

The concentration [ng/mL] is plotted against the analy#snd T3 on the xaxis. The different colored bars

reflect different parameters such as method used, different sample volume, and/or incubation time. The results
obtained using UF are separated from the results using RED by a red vertical solid line wherees amalyt
divided by a black line. The patterned bars refer to an incubation timelotigidg RED and the white and light

grey colored bars of b using either 200 or 3QL plasma.

5.4.2 Addition Isotope-Labelled Internal Standard i Yes or No?

An IS-mix was so far always included from the beginning of sample preparation to adjust for
analyte loss during the entire procedure. For method development regardin@mTiSsnix
was included afteRED or UF due to concerns of competition with the analytes over binding
sites on thelasma THbinding proteins irplasma®®. With this handling the nix correced
for any loss afteRED or UFbut dd not cover loss during the use of the RED or UF approach.
To enable correction of analyte loss during the entire procedure, RED experiments were
conducted with physiologically spiked PBS including either all isctapelled internal
standards (IS), onl}?Cs-T1 or solely'3Cs-rT3. Single incubation with eithéfCs-T1 or 3Ce-

rT3 were chosen because of the structural similarity to the analytes T4 and T3 as well as the
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5.4Method Development and Detection of Free THs in Rat Plasma

hypothesis that the impact on protdimdingsite competition is less than with their
corresponding isotoplabelled analog. Besides single incubation Wi@-T1, duplicates were
testedrom which chambers were prinsedwith a**Ce-rT3 solution to cover possible polymer
binding sites and thus increase analyte recoveries. The recovery of duplicates was determined
and compared between the mentioned conditions. Since the investigated seeplgsiked

in PBS,asampéwas taken out of both RED chambers so that in total an amount of four values
was gained. When plasma samples were analyaadpling was donenly out of the buffer
chamber. Figure 13 demonstrates the obtained recoveries for each analyte under each listed
condition. The data ereevaluated with the analytes corresponding IS analog for the samples
including the entire I8nix (light and squared bar figure13). All analytes in the duplicates
including solely*Cs-T1, and the duplicates pinsed with*Cs-rT3 were evaluated usiféCe-

T1 (striped and black bars). The analytes in the last duplicates including@stf 3 identified

as dark grey bars were all evaluated usi@-rT3 accordingly. Overall, all data consisted of

four values since each chamber was analyzed except for the samples in whiecmithevis

added after dialysis. Since the-t8x was added after dialysis, it could not adjust for analyte
loss during dialysis, therefore the values yeelttom sample and buffer chamber were added

up. The high rT®oncentrationn the samples prensed with it IS analog was likely caused by
contamination of rT3 in the higboncentrated*Cs-rT3 solution andwas therefore not
considered further. The pranse using*Cs-rT3 solution did not increase recovery for the
analytes investigated, therefore this conditi@snot pursued further. The recoveries obtained
when adding the Kix after dialysis (light bar), and during dialysis sofeis-rT3 (dark grey

bar) or solely**Cs-T1 (black bar) yielddsimilar result for analyte T4. THast two conditions
improved recoveries for analytes T3, rT3, T2, and T1 whereas no T2 was detected with solely
13Ce-rT3, and T1 was overpredicted when incubating with IS. This overprediction was
additionaly detected for all analytes except T2 when the entirenilSwas added during
dialysis and thus accordingly evaluated with the analytes IS analog (squared bar). Since the best
results were attained using eithéCs-rT3 or°Ce-T1, it was concluded that a trial experiment

in rat plasma using either onéthe mentioned IS should be carried out.
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Figure 13. Recovery results gained after different additions of IS during RED

The yaxis shows yielded recovery in percentage and on taeisxeach analyte investigated. The different
patternedars refer to different conditions regarding the handling of isel@ipelled internal standard. The lightest
bar portrays the initial condition meaning addition of theni® after dialysis whereas in the squared bar the IS
mix was included in dialysisThe following three bars onlgontainedone IS therefore the dateeve evaluated
with the mentioned IS. When the-8ix was used containirall IS, the data wreevaluated with the corresponding
isotope analog.

In addition to the calculated recoveries, all analytes and IS area counts are portrigecin
14. The previouly mentionedpotential analyte loswas confirmed when comparing IS area
from experiment c-Mndi afoes R&DGiI ttioont hleS
including either I1Smix or one IS during RED. lifrigure14A) calculated IS area loss ranged
from 64% to 81% due to the assumption that IS and analytedatt similar patteryit might
be concluded that analyte area loss during REB®deemed to be in a similar range. The analyte
areas themselves seetdmnot to be affected in the different experiment conditions Fsgere
14B)). In the bottom grapl, the above pointed out potential contamination of rT3 in the-high
concentrated®Cs-rT3 solutionwas visible by the high rT3 area counts in the-fineed samples
compared to the other analyte area counts which agghabe unaffected by the higfiCe-
rT3 concentration used to priase.
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Figure 14. Overview of peak areas gained fronthe first and second RED experiment including the 1Smix

or one single IS.

All bars consigtd of duplicates (n=2) meaning samples were taken out of the buffer and sample chamber as well
as every experiment condition was tested in duplicates. A) and B) includes the aredopslifitsm the first
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experiment which involved adding the-ifiix after RED (light grey), adding the 48ix during RED (dark grey)

or adding solely*Ce-rT3 during RED (black). A) The top graph depicts the area counts for every IS whereas in
the last condition only*Ce-rT3 was obtained. In addition, the area loss in percentage is noted between adding the
IS-mix after or during RED for each condition. B) The graph in the middle shows the corresponding analyte areas
from the first experiment. C) The second experiment involving aipse with'3Cs-rT3 (black squared) of the
chambers and only addiféCs-T1 for evaluationduring RED (white dotted) is pictured on the bottom showing

the area counts for all analytes and the two mentioned IS.

5.4.3 Determination of Free TH Concentration in Individual Control
Animals and Pooled Samples

The next step included the determination of variability regarding technicality but also between
the animals. In both experiments the internal stan#¥36T1 was included during RED to
adjust for the previous detected analyte loss. Technical variability was estimated by calculating
the RSD from four technical replicatesanfat plasma pool. Due to the higher volume needed
for one replicate (200L), three plasma pool vials were mixed and from this mixture technical
replicates were taken for RED procedurbe precision was estimated to be aroundadlfor
free T4 (fT4) and 13% for free T3 (fT3) which refleced overall low technical influence.
Therefore, it was proceeded to analyze plasma of male and female control animals at different
samplingdays (d) referred to a7 d, 14d, and 28l. Each samplinglay consisted of five
biological replicates of males and females respectively except for males on day 28 which
consised of four replicates. IMable22 RSD data for plasma pooéplicatesand individual
controlanimalsaresummarized. Overall, theveas no exceptionally large variability within all
data sets. Female rats on day 7 and day 28 displayed the largest variability for T4 %ith 35
and 40% respectively whiclvas not reflected in the RSD of T3. The remaining samplengs

illustrated similar RSD between both analytes.

Table 22. List of calculated RSD values shown gsercentages in plasma pool and control samples.

RSD [%] fT4 fT3
Pool (n=4) 10.9 13.0
Males (7dand 14d, n=5 28d, n=4) 19.4; 24.5; 14.5 11.5; 20.8; 14.3
Females (7d; 14d; 28d, n=5) 35.2;18.6; 40.1 14.1; 13.1; 7.5

The mentionedlS area loss in the previous section was investigated in actual plasma pool
samples too. In two experimentsur technical replicates of a pooled rat plasma pool were
equilibrated using RED whereas in one experiment the IS was simultaneously incabdted
in the secon@éxperimenthe IS was added after RED. As depictedrigure 15 the area loss
for IS (bottom) and the concentration difference for fT4 and fT3 (top) was plotted. Overall,
both calculated reductigrof either concentration greakarea laid within a similar rangef
around 8794 % whereas thpeakarea of IS added after RERas similar to thepeak areas of

thepipetted standard sample symbolized as grey dots and triangles for expenesrdtwo.
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Since the standard samplasre pipetted directly without undergoing RED the IS area count
was similar to the IS area in the plasma pool samples when the IS was added after RED.

In conclusion, this means that around%®f the initial amountvas log during RED and
that it can be assumed that thias accurate for the analytes in a similar manner. Therefore,
further fTH analysis wsproceeded usintfCs-T1 included in RED.
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Figure 15. Graphical comparison of analyte andS loss depending on timepoint of IS addition.

On top the calculated concentratsmf free T4 andT3 areshown when adding the IS during (black dots) or after

RED (black triangles). Correspondingly the graph below plotpélaéarea counts of all transitions of 1&e-T1

added during or after RED. The graph below additionally shows the area count in standard samples for each
experiment (grey dot and triangle). The symbols dot and triangle differentiate between experiment 1 and 2. In both
graphs thalecline in concentration and thesalossarepresated in percentage.

5.4.4 Free TH Alterations after Exposure to PTUand Aroclor 1254
Samples from two studies administering either PTU or Aroclor 1254 previously analyzed
regarding their total THoncentrationsn rat plasma were additionally investigated for their
free TH concentratia These substances were selected as positive controls due to their strong
effect towardstotal TH concentrations as well as they represgtwo different TH-related

MOAs. According to the sample preparation proto@8lOpuL plasma should have been used
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for RED, however most of these plasma samples onlygddl80 L which was therefore used

for analysis. The 18(L plasma volume was first pipetted into a2 Eppendorf Tube, 20L

of the internal standartfCs-T1 solution was added and afterwards pipetted into the sample
chamber of the RED plate. Into the buffer chamber next to the sample chambel, BBS

buffer was added which was prior reheated to arourfiC3The samples were incubated for

6 h at 300rpm at 37 °C after which around 18Q was remeed out of the buffer chamber and
analyzed after evaporation and resuspension. Due to generally limited volume left in the stored
plasma samples only five controls mexand thehigh dose KID) (n=5) wereexamined. HD
plasma samples from male rats exposed to PTU were not sufficient for analysis and thus only
plasma from female rats were analyzed. Additionally, from each study five technical replicates
of plasma pool samples were preparedFiure 16 the results from both studies as well as
from a study from which only control animals were analyzed are presented. Red solid lines are
dividing the data sets between the studies which are also written above the box plots as well as
whether the data setas from females or males. The blue and red color of the dots refer to
either male or female animals from which the control groups have a brighter color than HD
groups. Plasma sampling was conducted on three different days (7, 14, and 2&r&ltstsd

on the xaxis. The first data set in each graph involves results from male and female controls
on the three sampling days. The fT4 and fT3 concentrations over the sampling days were
coherent and similar to the controls analyzed in the other stddiedirst substance analyzed

was PTU for which the control group and HD group of females were analyzed regarding their
fT4 and fT3 concentratian HD of PTU strongly decreased fT4 and fT3 concentration
compared to the contrgroup Half of the measured concentrasai both analytes in the HD
samples were below LOQ which further emphasized the strong decrease in concentration which
caused @aeclineof around 9497 % for fT4 and around 581 % for fT3. A similar decrease in

fT4 concentration ranging from0-80 % compared to the given control wiasther detected

for rats exposed to Aroclor 1254 on all sampling days. On contrary, fT3 was not majorly
affected by Aroclor 1254 administration except for day 14 in females and day 7 in males
showing a significant alteration. Interestingly, fT3 concentration atemtendd to increase
whereas in females the oppositas occurring. The laghentioned observatiomnas in contrast

to the decline of total T3 concentration in females and males as described in sé&ction
However, thggenerabbservations with an overall decrease after PTU or Aroclor 1254 exposure
werereflected in total as well as free TH analysis.
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Figure 16. Free T4 and T3 analysis in plasma of control and PT4J Aroclor 1254-exposed rats.
The top box plot graph encompasses the resulfsgderT4 and the graph below fdree T3. Both graphs include

results from three different studies which are visually separated by a red solid line. The first study entitled

"Controlsd
their respectivexposure substancAbove the box plots theexis indicated as well as this is recognizable by the
blue and red colored dots for either males or females. Control groups additionally are marked with a brighter blue
orred color compared to the HD data sets. Statistical significance was calculated from the respective control group
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5.5 TH Detection in Different Rat Strains

For a better understanding of TH variation between different rat strains, rat plasma from four
different strains were analyzed: Wistdan (Crl:WI(Han)), Sprague DawleyCrl:CD(Sprague
Dawley)), F-344 (F-344/Ct) andWistar Han RCQRccHan:WIST) Differences between the
strains are once that344 rats are an inbred rat strain conedaio the others being outbred
strains. Wistar Han RCC compared to Sprague Dawleyt@kel344 rats have lower tumor
incidence andWistar ratshave a detailed compilation of historic control data for various
parameters’. The Wistar Han RCC rats were originally derived from the Wistar colony kept
a t Zenfralinstitute fur Versuchstierzucht Hamnoverin Germanyfrom which Harlan
SpragueDawley Inc. inIndianapolis in thedJSA in 1993 received a colony of Wistar rats
namely the HsdHan:WIST In 2004 this company acquiréddCC Ltd in Itingen in
Switzerandto which the breeding stock was transferre®ResHan:WIST strait?® 139

Male and female plasma samples (n = 5) were taken from internal st@nage gas
at mo s p h e’€andanalyzedatthree sampling days: 7, 14, anith 2&rallel to analysis
of the different control samples, technical replicates of two differ@nstrainplasma pools
were included to examine for variation introduced by sampling prepardti@ncomposition
of the plasma pools congstof mixing female and male plasma as described in sest®in
Figurel7the calculated analyte concentrations are plotted whereas dots represent T4, squares
T3, triangles rT3, and stars T2. The examined plasma pools were {8dh ffeft) and Wistar
Han (right) ratswhich werevisually separated by a red solid line within the grapwerall,
combined RSD of thanalyzedechnical replicates for T4 and T&lfbelow 20% whereas for
rT3 and T2 itwas above 20%. Calculation of RSD per rat strain pool for rT3 yietthround
5% for both rat strains individually and for T2 3®for 344 and 21.26 for Wistar Han
technicalreplicates.
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Figure 17. TH analysis in two different rat strain plasma pools.

To examine technical reproducibiljittechnical replicates were prepared from two rat plasma pools. These two
plasma pools are visually divided by a red solid line whereas results from technical replicates3#éml&ma

pool are on the left and on the right from Wistar Han plasma poalyfes are identifiable by symbols of which
dots represenii4, squared 3, trianglesrT3, and star§2. On the xaxis each technical replicate is listed and on
the y-axis the respective concentration [nM].

The respective resultd each individual animdbr T4 and T3are demonstrated Figurel8
and for the remaining analytes kigure 19. The data sets are divided by rat strain which is
indicated by the black dotted lines as well as within one data set further separated between
males and females. Last mentioned difference is pointed out by blue and red colored dots for
each box plots anithe respective sex vgritten above the box plots. Further sampling days are
indicated by the darkening of the colored dots within male and female data sets and ranked from
day7 to 14 and lastly tday28. As seen ifrigure19, T1 was barely detected and if mostly in
females than maldsut within the detected concentration T1 seeito be coherent between
strains.For analytes T4, T3, rT3, and T2 higheancentrationsvere detected in male-¥44
rats than in female-B44rats Overall, that is a common difference regardingc@Acentration
in rat plasmdor which thetendency of higheconcentratiorin males than femalesasalso
reflected in the other strairiBhis patterrwas also clearly visible for rT8oncentratioain each
rat strain.Any fluctuation between the sampling days as for exarapleeen iriemales of
Wistar Han RCC ratsvere commonly reflected in the concentration of all analytes.
Additionally, an historic RSDvascalculated based @very TH analytes averageddta from
previousplasmaanalysiof untreated adultvistar Han(Crl:WI(Han)) rats.The resulting range

were individually indicatedor males(blue)and femalegpink) in the grapbk by the horizontal
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dotted linesNotablewas that T3 and TZoncentration®f male F344 ratswere above this
range on day 14 and 28.

All'in all, total TH concentrationpetween theat strairs were within a similar range except
for male F344 rats which seemed to be higher especially icdrzentrationThis increased
concentration in 344 males possibly expladthe RSD above 2% when considering all
technical replicateBom both rat strain plasma podiecause combination of male and female
F-344 plasma reswdtin an overall higher TH plasma concentration than for the remaining rat

strains.
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Figure 18 T4 and T3analysis in plasma of different rat strains.

Total T4 andT3 concentratios areshown in [nM] and results are depicted pairwise (males & females) for each
strain which are listed on theaxis and the separatiaf the rat straings highlighted by black dotted lines. Data

sets from males and females are additional written above the box plots and distinguishable by the color of the dots
for which blue refers to madend red to female&ach data set consits of three box plots depicting three sampling
days @ay7, 14, and 28), this is further emphasized by darkening of the colored\dd®SD of over 10Mistoric

untreated aduldan Wistar raplasmasamples was calculated. Toa&lculatedrangeof the historic control datis

indicated by the dotted lines wherdhe colorblue and red refer to the range for males and females respectively.
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Figure 19.rT3, T2 and Tlanalysis in plasma of different rat strains.

Total rT3, T2 andT1 concentratios areshown in [nM] and results are depicted pairwise (males & females) for

each strain which are listed on thexis and the separatiafi the rat straings highlighted by black dotted lines.

Data sets from males and females are additional written above the box plots and distinguishable by the color of
the dots for which blue refers to maknd red to females. Each data set consits of three box plots depicting three
sampling daysday 7, 14, and 28), this is further emphasized by darkening of the coloredAdoRSD of over

100 historic untreated adult Han Wistar rat plasma samples was calculated. The calculated range of the historic
control data is indicated by the dotted lines whereas the color blue and red refer to the range for males and females
respectivey.
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5.6 TH Concentrations Detected at Various Ages in Control Rats

5.6.1 Simultaneous TH Changes irRat Plasmaand Whole-Brain

THSs in brain tissue are not typically analyzed yet and therefore TH concergratmntrol
rats at studyelevant timepoints ereassessed first (PND4 & PND21). In addition to the results
in offspring rats, TH results from adult rats were added to evaluate the dynamic biological
fluctuation of TH concentratioa during developmentFigure 20 represents total TH
concentratiosin rat plasma at ages PND4, PND21;%day-old and in dam®n PND4 and
PND21 Blood sampling of dams was conducted within the first study at the same days as their
respective offspring, but no brain samples from dams were obtained. As indibatexl but
also indicated by red solid lingbe samples were received from different studies. In all figures
shown in this section the different symbols refer to different ages suohrages symbolize
PND4, dotsPND21,squaresadult rats (9799 day-old and 71-72 day-old), andstarsdams as
well as their blue and red color signify either males or females. In plasyedependent
concentration pattesnwere detected for analytes T4 and T3.eBepatterrs had the lowest
concentratios on PND4 which strongly increasen PND21 in a similar manner for both
sexesT4 and TXoncentrationg adult rats and danvgereall in all lower than on PND21. T3
in male adultsvas similar to female adultgndfor T4 the typical discrepancy between males
having higher concentratiadhanfemales was detected. This described discrepancy was also
detected for analyte rT3, but remaining analysis was unchanged between the ages same as for
T2.
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Besides plasma samples, whole brain samples were received from the same animals and
analyzed for their THoncentratioa Figure21 demonstrates the results from TH analysis in
rat whole brain with the same legend as previously described. Unlike plasma anBByarsd
T2 did show agelependent changes such as rT3 concentration peaked on PND4 and decreased
from there on until adult age. T3 and T2 on contrary yielded low concensatidAND4 and
in adult rats but peaked on PND21 similar to T3 pattern in rat plasnw@nténtratiorwas as
well similar on PND4 and in adult rats but showed the largest variation on PND21. T4
concentration on PND21 varied between studies for which in the first study the PND21
concentration was higher than on PND4 but in the sestmdy the concentration was alike.
This fluctuation on PND21 for T4 was not detected in rat plasihtiae same studietastly,
the data sets from both matrices of study 1, 2 and 4 were contrasted against each other for a
better overview of changes in Tddncentratiosat different ageas well asn plasma and brain.
These resulting dot plots for each analyte are summedkigune22 .The symbols like in the
other figures refer to PND4 as triangles, PND21 as dots, and adult rats as squares as well as
blue and red color indicate male and female data dihe top row includes graphs of T4 on
the left and T3 on the right. For these two analytes the graph visualized that their concentration
on PND4 was the lowest on plasma level (bottom verticallyjtbwas similar to adult rats on
brain level (left horizontally). A clear separation of PNQi#taon each axis was detected for
T3 and on brain level for T2 as welhich wasindicated by red lines. As seenhigure 20,
rT3 and T2 concentratigiwere unaffectedh plasmaover the examined ages which was also
emphasized ifrigure22 since on plasma levéy-axis) all data pointavere alike except for a
couple of adult rat data points. Horizontalan increase of rT3 concentration in brain with
decreasing age was visualized and forifdrain, a separatiorbetween allage group was

detected as well.
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5.6 TH Concentrations Detected at Various Ages in Control Rats

In conclusion, therés an agalependent change of TH concentrasiam both matrices as
previously described. The agependent pattern diffed for each analyte as well as matrix
such as that changes were most prominent in each matrix for T4 and T3 whereas for rT3 and
T2 only in brainFor a better overview of this conclusion, a summary figure of the data showing
the mean with SD per age, sex, and matrix but combining concentration of the analytes was
inserted below (see beldwigure23).

Plasma Whole Brain
Male Rats Male Rats
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Figure 23. Summary figure of total TH concentrations in rat plasma and whole brain at specific ages.

The graphs are separated by sex and matrix andgeaphcontains detected concentrations of all analytes. All

values per age and study which data were above shown separately by study were combined to better demonstrate
the agedependent change of TH concentrasiofihus, in each graph the mean with standard deviation (SD) per

age is depicted. Analytes are distinguishable by color. Black dots identify T4, light orange T3, green rT3, and grey
T2.
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5.6 TH Concentrations Detected at Various Ages in Control Rats

5.6.2 Rat Brain-Region Specific TH Changes During Development

Besides whole brain TH analysis in offspring and in adult rats, resgenific TH analysis
was performed in cerebellum and in the remaining cortex. As for whole brain analysis control
samples were received from different studies and analyzed regardingHheoncentrations
In Figure 24 TH concentratios in cerebellum and cortex at different ages are portrayed
wherefore the examined aggs written above the data whiglas pairwise depicted for males
andfemales (xaxis).TH concentration found in cerebellum is symbolized with a dot and cortex
with a triangle. Analyte T4 is summed up on the top left corner in the mentioned figure and it
displayedregional similarity in all ages. The graphs from T3 and T2 are placed on the right side
on top of each other in which agependent regional alterations were visible. Regional
diversitywas noticed with low concentration in cerebellum compared to cortex on PND4. On
PND21 and in adult rats the divershigtween theegions wa balanced out, but all in all the
highest concentratiowas found on PND21. In the bottom left corner results for rT3 showed
regional similarityon PND4 as well agverallthe highest concentration on PND4 compared to
the other ages. Regional similanitgs retained in adult rats, but on PND21 rT3 concentration
in cerebellum was detected to be lower than in cortex.

All'in all, TH analysis in specific brain regions did show dissimilarity at certain ages but also
similarity which both weranalyte specific
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5.6 TH Concentrations Detected at Various Ages in Control Rats

5.6.3 TH Analysis of Formalin-Fixed and Paraffin-Embedded Half
Brain

Method applicability was further investigated by a first test trial to extract THs from formalin
fixed (FF) and paraffirembeddedPE) half-brain from adult rat§n=2) which would further
expand the possibility for retrospective TH analysis of tisstan each rat brajione half was
prepared with a different tissue fixation meaning either embedded in paraffin or fixed in
formalin.
First testing of preparation idescribed in detail in sectiof.1.3 The results showedo
detection of THs in FF replicates, however analytes peaks were detectable in the samples from
PE haltbrain. To ensure that the amount of weighed in powder was not insufficient for the
detection of TH peaks for FF hdifain analysis, the whole remaigipowder was prepared
and analyzed (127.92g). The same was conducted for PE -batfin yielding around
189.77mg. Additionally, a total volume of 15Q6 1 % FA in ACN (v/w) was added to extract
THs and two 3 mm steel balls were inserted into the-3ube.Homogenization and extraction
of the sample was performed on a Bead Ruptor Elite (biolab products, Bebensee, Germany) as
previousy conducted for pulverization of theat brain tissueThis procedure led to a
homogenization of the PE hdifain piecesThe subsequent sample preparation was conducted
as describednder4.1.2 Results showed similaletection of T4 and T3 concentration in PE
half-brain samples, however improvement was achieved by detecting T4 and T3 in FF tissue
after weighing in a higher amount as seefigure25. The calculated concentrations of TH
analyteswvere all in all too low compared to the expected concentration in adult rats which was
around 12 to 20 times higher.

For the second testinghe procedure was modified as mentioned in sectidr3 which
basically consisted of a stepwise washing procedureaamtubation overnight in Millipore
H20 to ensureehydrationof the tissues. Technical replicates ofr6@ or 30mg of FF half
brain (n=4) were weighed in for TH analysis. PE Hwtin was weighed in completely (around
354mg), 3.2mL 1% FA in ACN was added followed by homogenization and extraction using
Bead Ruptor Elite as stated above. This generated a suspension which was centrifuged, and four
replicates of the supernatant were removed (aroundub50=4). The subsequent sample
preparation was handled as described.ih2 As presented ifrigure25u ndendTi2al 0
lower T4 and T3 concentrations were detected in PElnaih compared to the results under
A¥Trial o. T4 and T3 ¢ on ebmin wareaslightly mgher than tafeerc t e d
the first testing procedure, however T3 was not detected in all replicates. In addition, rT3 was

detected in FF halbrain (around 0.3 and 0.1/g) whereas T2 wasot detected in any of the
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5.6 TH Concentrations Detected at Various Ages in Control Rats

samples from the second testing procedure. Total number of technical replicates prepared and
analyzed were four, but mostly in two out of feaplicates were thenalytes identifiable.

All'in all, mostly T4 and T3 were detectable after either of the testing procedures, however
concentrations were 12 to 20 times lower than expected for T4 and T3 in brain and for rT3
around two to three times lower. Thus, these testing procedures wesaffiment for TH

analysis of fixed tissue.

0.6 18! Trial 2" Trial
] . T4
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Half-Brain Tissue Fixation & Amount

Figure 25. TH concentrations detected in paraffinembedded(PE) and formalin-fixed (FF) half rat brain.

On the xaxis the different fixation methods and the corresponding sample weigirtefmaratiorarenamed. The
different coloredbarsrefer to the detected TH analytes whereas black reféd toarkgrey toT3, striped bar to

rT3, and the light grey bar {62. The dottedlacklines partitions the fixation methodshereas the solid red line
divides the different testing procedures which is further written above the bars. The first bar contains three values
for T4 andT3 whereas all other bars one value. PE-badfin during the second trial was completely weighed
homogenizated and extracted if6lFA in ACN using Bead Ruptor Elite and four technical replicates (around
550puL) of the supernatant of the centrifugedserssion was removed for preparation.
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5.7 Alteration of Total TH Concentrations in Rat Plasma Caused by Different MOAs

5.7 Alteration of Total TH Concentrationsin Rat PlasmaCaused
by Different MOAs

The TH system can be influenced by substartbeough direct or indirect mechanism
Prominent examples of substances directly affecting the TH systdtiidr&thyleneThiourea
(ETU), and Methimazole (MMI). PTU and MMI atieyreostatiadrugs which ar@resribed to
treat against hyperthyroidism. On contrary, ETU is a metabolite ethfylene
bisdithiocarbamates (EBDTCs) which are employed as fungicides. All three compounds have
in common that they interfere directly with the TH system by inhibiting TPO in the thyroid
gland leading to a decreased TH synthesid subsequent lowered Tebncentrationsn
plasma Out of the thregespeciallyPTU is commonly used as a positive verification control in
THD method development because of its strong inhibitory effeoe wrther investigated
substance representative for direct MOAasWhenyl Isothiocyanate inhibiting NISndirect
mechanisms that affect circulatory TH concentrations as a secondary cause are e.g. liver
enzyme induction or the competitive bindingpil@smaTH-binding proteinsThe substances
that wereanalyzed represeinig indirect TH mechanisswere the polychlorinated biphenyls
(PCB) Aroclor 1254 and the fungicide Vinclozohs well as3,3',5,5 Tetrabromobisphenol A
(TBBPA) andPerfluorohexanesulphoni&cid (PFHxS)which last two mentioned substances
competitively bind to th@lasmaTH-binding proteinsTherefore, the altations oftotal TH
concentration in plasmacausedby director indirect MOA will be compareénd in detall
shownin this sectioninformation about animal number and dosage are enumeralebia
10. Additionally, each graph in sectisb.7.1and5.7.2is plottedsimilarly meaning that results
in male rats were presented in the first column and next to it in featal&he dots of the box
plots were colored in either blue or red indicating either males or females. The increase
darkening of color further signified the increase in the gd@semeaning control to HD (high
dosage) grouplhe dosage groups and the respective sampling days were plotted eaxibe x
and the yaxis presented detected concentration [nM] in plasma.

Due to internal past extensive-vivo research on different insecticides operating through
different MOAs, various plasma and brain samples from adult rats from these studies were
available. Since the assessment of THD is an important part for the regulatory assessment of
e.g. insecticides,ralysis of the mentioneadultrat plasma and brain samples was conducted
to assess their influence on TH concentrations in both matidéb. by insecticides is
suspected to be a combination of various MOAs such @& s the suspected Fi¢lated
MOAs are the inhibition of TH synthesis, binding to TR, competitive binding to transport
proteins in blood or the induction of TehzymesThe insecticideclasses were Pyrethroids
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(substances &), Organophosphates (substances)POrganochlorines (substances G and H),
and lastly Phenyl Pyrazoles and OrganobmpoundgsubstancesK). Animal samples from
studies with 7day exposure were available feubstances A, C to End samples after 2&ys

for substances ¥, G, and | The longer exposure period study emwidé LD (low do) as

well asaHD groupand extra plasma sampling days which were conducted on day 7, 14 and 28
which plasma samples were thus available for compoBr@dsG, and I The HD was selected

to be in accordance with the maximum tolerable dose and one dose below was selected which
is referred to as LDAIl received samples are tabularizedTiable 12. All graphs containing
plasma results were mainly constructed in a similar pattern showing males and fesis

either blue or red colored. Dosage groups were listed on-#xésxand control to H@roups

are further marked by darkening of the respective color. Plasma concentration [nM] is
numbered on the-gxis. The red solid lines highlighted separation between different study
results whereas the different sampling days were partitioned by dotted Timesgyraphs
entailing analysis iadultrat whole brain differ from the mentioned legend that no LD samples
were available and thus results from the given HD groups were colored in grey or black. The
box plots encompassing contgybupresults were still ighlighted in either blue (males) or red
(females). Detected concentration in brain [ng/g] was plotted on-&xéyand control groups

and the blinded substances on thaxis. Like plasma results, different study results were
separated by red solid lindResults from males and females were divided by dotted black lines.
Sampling days as well as sex were additionally written above the box plots in graphs for both
matrices. Following in this section the TH alterations in plasma and whole brain of rade@xpo

to various pesticide classes will be described in detalil.

5.7.1 Direct TH-Related MOAs
5.7.1.1 Effect of TPO Inhibition on Total TH Concentrations

One direct thyroigrelated MOA is the inhibition of TPO in the thyroid gland preventing TH
synthesis. Exemplary substances tested during this project wehgthestatiadrugs U and
MMI and the metabolite ETU @&BDTCsfungicides.PTU and MMI were administered by
gavage indosesof either 1or 10 mg/kg bw/dand25 or 100mg/kg bw/d, respectively. ETU
was given in the diet in concentrations of at5300ppm which equaldoses of around 6 or
24 mg/kgbw/d assuming a body weight of 2§@nd a food consuniph of 20g per day

Results for detected total TH concentration after exposure to PTU in rat plasma are
demonstrated ifigure26 andFigure27. Overall, PTU exposure led to a strong decline of all
TH analytes after no later than 14 daylsich was already profound for T4 in males from the
LD group (decline of around ). After 14 and 28 dystotal T4 concentratiain the HD
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groups decreased up @7-99 %, total T3up to 7890 %, and total rT3 around 842 % in both
sexesNotable was the initial increase in total rT3 concentrations in the HD group of female
rats which was more than double the mean control value at dayhé following samplings
days rT3 concentrationswere significarly decreased infemale rats of the HD group
Furthermore, no significant effect was determined in total rT3 concentrations in females of the
LD group in neither of the sampling days which ontcary were significant changed in males
at days 14 and 281 males and females total T®ncentrations were not detectable anymore
at day 28The strong decline of total T4, T3, and rT3 was similar after exposure to MMI which
concentrations were reduced arouneb82% in the LD groups and 999 % in the HD groups
of both sexes at day ldeeFigure28andFigure29). No control plasma samples were available
at day 28, however LD and HD groups at day 28 yielded similar results as at day 14.

Compared to PTU and MMI, ETU affected total TH concentratidifferently which is
illustrated inFigure30and inFigure31. The overalfeductionof total T4 and rT3 reached their
maxima by around 58 and62 % in male rat. In femaleratsmaximumT4 decline was around
47% and rT3 was not significdgtaltered. Opposed to a decline of T3 like for the other
substances, ETU exposure caused an inaldg&&seoncentratiorabovethe controlgroupby up
to 57 % on day 7 for males, and thdependently in females up to 13@on day 28As
indicated inFigure30the analyte T3 increadén the HD group of males and females at most
sampling days. A statistically significant increase in the drfbup was only detected after
28 daysin malesand females. The same pattern was further reflected in T2 concentration which
in particular significarly increased over time in the HD of female ratsseen ifrigure31.

As expectedthe investigated TPO inhibitors revealed a strong reduction of TH concentrations
in rat plasma, but potency differences between the substances were observable of which ETU
caused less strongly TH reducticghanPTU or MMI.
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Figure 26. Total T4 and T3 concentrations at three sampling days from control and PTUexposed rats.

Results for male and female rats are listed pairwise for each analyte starting from top aiith on the bottom

T3 whereas the firstolumnincludes data from madeind the second from females. In all box plots the darkening
of the dots reflect control (lightest), LD, and HD (darkegsupas well as blue further highlights male datas set
and red female. In case of statistically significant changes the percefitegghiction comparetb the control
groupas well as the significance itself is indicatgilsterisks. Statistical significance is presented by the asterisks:

* 0 0.05, ** < 0.01, *** < 0.001, and **** < 0.0001.
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Figure 27. Total rT3 and T2 concentrations at three sampling days from control and PTUexposed rats.

Results for male and female rats are listed pairwise for each analyte starting from top3stid on the bottom

T2 whereas the firagtolumnincludes datdrom males and the second from females. In all box plots the darkening

of the dots reflect control (lightest), LD, and HD (darkegtupas well as blue further highlights male datas set

and red female. In case of statistically significant changes the percerfitegpiction comparetb the control

groupas well as the significance itself is indicated by asterisks. Statistical significance is presented by the asterisks:

* O 0.05, ** < 0.01, *** < 0.001, and **** < 0.0001.
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Figure 28. Total T4 and T3concentrations at three sampling days from control andMMI -exposed rats.

Results for male and female rats are listed pairwise for each analyte starting from top aiith on the bottom

T3 whereas the firstolumnincludes datdrom malesand the second from females. In all box plots the darkening

of the dots reflect control (lightest), LD, and HD (darkegtupas well as blue further highlights male datas set

and red female. In case of statistically significant changes the perceftegphiction comparetb the control

groupas well as the significance itself is indicated by asterisks. Statistical significance is presented by the asterisks:
* 0O 0.05, ** < 0.01, *** < 0.001, and **** < 0.0001.
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