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Introductio n n 





Introduction n 

1.1.. Amiodarone 

1.1.A.. Pharmacolog y of amiodaron e 

Amiodaronee (AM) was synthesized in 1961 by Tondeur and Binon in the Labaz 

Laboratoriess in Belgium. Characteristic in the chemical structure of the drug is 

itss high iodine content, two iodine atoms per molecule, and its resemblance to 

thyroxine.. It was introduced in clinical medicine in 1962 for the treatment of 

anginaa pectoris. In the beginning of the seventies it was seldom prescribed 

becausee of the many side effects. However, it was recognized later that AM is 

aa very potent antiarrhythmic drug, and it is now widely used for life-threatening 

arrhythmiass resistant to other agents. 

I I 
00 , / _ 0 / (CH 2 ) 2 2 

C2H5 5 

C2H5 5 

Figg 1: The molecular constitution of amiodarone. 

PhysicochemicalPhysicochemical properties. Amiodarone, chemical name: 2-butyl-3-[3, 5 

diiodo-4(P-diethylamino-ethoxy)) benzoyl] benzofuran, is a benzofuran 

derivativee with two iodine atoms (Fig. 1). It is an amphiphilic drug with 

hydrophilicc (tertiary amine) and lypophilic (benzofuran and di-iodinated 

benzenee ring) moieties. 

Amiodaronee is poorly soluble in aqueous or polar media, but highly soluble in 

chloroformm or other nonpolar organic solvents and well soluble in light polar 

organicc solvents like ethanol. The pKa of AM is 6.56, which is normal for a 

tertiaryy amine, indicating that, at physiological pH, amiodarone is essentially 

ionized.. The molecular weight of amiodarone and its main metabolite 

desethylamiodaronee (DEA) are 645.3 and 617.3 respectively. 

Amiodaronee as a di-iodinated benzofuran derivative has some structural 

similaritiess to thyroid hormones. The drug is prescribed as amiodarone 
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hydrochloridee {MW 681.8), in the Netherlands known under the trade name 

Cordarone.. Amiodarone contains 39.3% iodine by weight, amiodarone chloride 

37.2%.. A tablet of 200 mg amiodarone hydrochloride contains 75 mg iodine, a 

dosee that via bio transformation in vivo releases an estimated 6 mg of iodide 

(1). . 

TissueTissue distribution. AM and DEA both accumulate in various tissues during 

long-termm AM-treatment. Concentrations of AM and DEA in human tissues 

obtainedd at autopsy are reported in various studies (2;3): a typical example is 

givenn in Table 1. The highest concentrations of AM and DEA are found in 

adiposee tissue, liver and lung; moderate levels occur in heart and kidney, and 

lowestt levels in muscles, thyroid and brain. In all described tissues except 

adiposee tissue, the DEA concentration is 4 -7 times higher compared to AM 

(Tablee 1) (2). The myocardial concentration of AM is 10-50 times higher that in 

plasmaa (3). As for the sub cellular distribution, AM medication induces 

cytoplasmicc multilamellar inclusion bodies in many tissues including human 

myocardiumm (4). Evidence obtained from in vivo and in vitro studies indicate an 

intralysosomall localization for AM and DEA (5). This is not surprising because 

AMM belongs to the group of cationic amphiphilic compounds that accumulate in 

lysosomes. . 

Tablee 1. Tissue distribution of amiodarone (AM) and desethylamiodarone (DEA) in human 
autopsiess after long term AM-treatment 

Tissue e 

Adiposee tissue 

Liver r 

Lung g 

Kidneys s 

Heart t 

Muscle e 

Thyroid d 

Brain Brain 

AM M 

pg/g g 

316 6 

391 1 

198 8 

57 7 

40 0 

22 2 

14 4 

8 8 

AM M 

umol/kg g 

490 0 

606 6 

307 7 

88 8 

62 2 

34 4 

22 2 

12 12 

DEA A 

pg/g g 

76 6 

2354 4 

952 2 

262 2 

169 9 

51 1 

64 4 

54 54 

DEA DEA 

ymoilkg ymoilkg 

123 123 

3815 3815 

1543 1543 

425 425 

274 274 

83 83 

104 104 

88 88 

Figuress are mean concentrations of seven to nine observations (Holt et al. 1983). 
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amiodaronee (A, L 3428) c,H, 
desethylamiodaronee (DEA, L 33520) c,H, 
desdiethylamiodaronee (DDEA, L 33530) H 

R3 3 

C;H5 5 

H H 

H H 

amiodaronee I 
monoiodoamiodaronee (MI  A, L 6355) 1 
desdiiodoamiodaronee (DDIA, L3937) H 

L3373 3 
L6424 4 
L3372 2 

Fig.. 2. The molecular constitution of amiodarone analogues, deethylated analogues (top), 
deiodinatedd analogues (middle), and benzofuran derivatives (bottom) 
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Metabolism.Metabolism. The two most important metabolic pathways of amiodarone are 

N-dealkylationn and deiodination. These two pathways alone or in combination 

leadd to the metabolites presented in Fig. 2. 

N-dealkylationn of amiodarone results in the major metabolite desethyl-

amiodaronee (DEA). Subsequent N-dealkylation leads to the primary amine 

desdiethylamiodarone,, which has been detected in dogs but barely in humans. 

Deiodinationn of amiodarone results in monoiodoamiodarone, desdiiodo-

amiodaronee and desethyldesdiiodoamiodarone. These metabolites have been 

detectedd in human plasma, lung and liver samples (6, 7). In patients on long-

termm amiodarone treatment deiodination of amiodarone leads to 

pharmacologicall quantities of iodine, which can be considered as chronic 

iodinee excess. 

O-dealkylationn leads to compound L3373, which is subject to further 

deiodinationn (Fig. 2). Hydroxylation may occur in the benzofuran ring. These 

metabolitess so far have not been identified in human tissues. 

IndicationIndication for use. Amiodarone is a highly effective drug against a wide range 

off cardiac arrhythmias (8). It is primarily used in patients presenting with 

sustainedd ventricular tachyarrhythmia, ventricular tachycardia, or ventricular 

fibrillationn refractory to other treatment modalities. It is also effective in 

suppressingg ventricular arrhythmia and in reducing mortality from sudden 

deathh and cardiac disease in patients with non-sustained ventricular 

tachycardiaa and cardiomyopathy. Amiodarone is also effective in maintenance 

off sinus rhythm in patients with atrial fibrillation (9) 

1.1.B.. Side Effect s 

Thee side effects of AM are numerous, involving many organs. These side 

effectss occur in approximately 80% of patients. Most of the non-thyroidal side 

effectss seem to be related to the accumulation of AM and DEA in tissues (5). 

Thee incidence of many side effects increases over time, and the site effects 

aree related to the cumulative dose of the drug reflecting accumulation of the 

drugg in the tissues. Lysosomal inclusion bodies in cells of many tissues are 

reportedd in amiodarone-treated patients. These inclusion bodies give rise to 

severee impairment of the lysosomal system, resulting in toxicity for the cell 

(10). . 
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Thee main side effects of amiodarone are as follows: 

HEARTT - Sinus bradycardia, heart block, proarrhythmia. Only in 2-3% of 

patientss the arrhythmia gets worse, an unusually low incidence for an 

antiarrhythmicc drug which is efficacious in ventricular arrhythmia. 

LUNGG - Pulmonary toxicity is the most serious noncardiac side effect (2-17% 

off patients) (11;12). Also in other studies pulmonary toxicity and pulmonary 

fibrosiss are reported (13; 14). 

STOMACHH and INTESTINE - Anorexia with or without weight loss, nausea 

withh or without vomiting, abdominal discomfort, constipation, foul taste, 

aguesia.. These symptoms are very common (80%). 

LIVERR - Abnormal liver function tests are seen in 25%. 

KIDNEYY - An increase in serum creatinine is observed in 9% if the patients. 

EYEE - In all patients corneal micro deposits of amiodarone are found, but also 

lenss changes (22%) and dry eyes (9%)). In some patients abnormal blue 

colourr vision is observed (15). 

NERVE-- Neurological side effects are reported in 20-40% of patients, including 

tremor,, ataxia, peripheral neuropathy, and headache (11). 

SKINN - Several types of dermatological reactions have been reported, 

includingg allergic rash, photosensitivity, and a typical blue-grey skin 

discoloration. . 

THYROIDD - The side effects on the thyroid are not only due to the 

accumulationn of AM and DEA, but also to the excess of iodine that reach the 

thyroidd after deiodination of AM. Thyrotoxicosis or hypothyroidism occurs in 

14-18%% of patients. 

1.1.C.. Effec t on the thyroi d 

Thyroxinee (3, 5, 3', 5'-tetra-iodothyronine, T4, Fig. 3) is synthesized in the 

follicularr cells of the thyroid gland within the protein thyroglobulin (16). Bound 

too plasma proteins T4 is transported to the target tissues, where it can be 

deiodinatedd into the bioactive form T3 by the enzyme 5'-deiodinase (D1) and 

intoo the inactive form rT3 by the enzyme 5-deiodinase (D3). 

Inn all patients on AM-treatment a decrease in plasma T3 and an increase in 

plasmaa rT3 is observed. These changes can already be seen two weeks after 

thee beginning of treatment. After chronic administration of the drug low T3 and 

highh rT3 and T4 levels are maintained. A steady state in plasma hormone 
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concentrationn is reached after 12-16 weeks (17). Several animal studies 

(18,, 19), which are in good accordance with each other, show similar results 

ass observed in humans: a decrease in plasma T3 and an increase in plasma T4 

andd rT3. 

Fig.. 3: The molecular constitution of T4, T3, rT3 and T2. T4 is activated into T3 by the enzyme 5'-
deiodinasee (D1). T4 and T3 are inactivated into rT3 and 3, 3'-T2 respectively by the enzyme 5-
deiodinasee (D3). 

Thee changes in plasma T3, T4 and rT3 are due to: 1. An effect of AM on the 

thyroidd via the excess of iodine and 2. An effect of AM and DEA on 

extrathyroidall thyroid hormone metabolism and transport. 

Thee pharmacological quantities of iodine released during biotransformation of 

AMM result in an increased absolute thyroid iodide uptake. The chronic iodine 

excesss will transiently inhibit thyroid hormone synthesis and release of thyroid 

hormoness resulting in lower plasma T3 and T4 and consequently a small rise in 

TSH.. Usually the thyroid escapes from this inhibitory (Wolff-Chaikoff) effect, 

andd plasma T4 and TSH return to normal values. However patients on chronic 

AM-treatmentt do have high T4 and FT4 plasma levels. The increase in plasma 

T44 is most probably caused by the inhibitory effect of AM on the transport of T4 

acrosss the plasma membrane especially in the liver (20). This inhibitory effect 

off AM on transport results in a lower T4 concentration in the cell. In organs in 
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whichh no local conversion of T4 into T3 occurs (such as muscle), the decrease 

inn tissue T3 content is in direct proportion to the decrease in the plasma of T4 

intoo T3. However intracellular T3 is dramatically decreased by AM and DEA in 

alll tissues where there is a local conversion of T4 into T3. The decrease in 

tissuee T3 goes together with an increased rT3 in all tissues except muscle. In 

alll tissues DEA has a more pronounced effect than AM (18, 19). These 

findingss suggest inhibition of D1, the enzyme that catalyses the 5'-deiodination 

off T4 into T3 and of rT3 into 3, 3'-T2. Although the mRNA of the gene encoding 

forr D1 is expressed normally in the liver of amiodarone-treated rats (21), the 

activityy of the enzyme is inhibited by AM as evident from various studies (22). 

Althoughh all patients on AM-treatment will experience a decrease in plasma 

T3,, most patients remain clinically euthyroid with a normal plasma TSH. Only a 

subsett of AM-treated patients (14-18%) develops amiodarone-induced 

hypothyroidismm (AIH) or amiodarone-induced thyrotoxicosis (AIT). 

Thee iodine excess generated by AM may cause amiodarone-induced 

hypothyroidismm (AIH). The underlying mechanism for this is the failure of the 

thyroidd gland to escape from the Wolff-Chaikoff effect. Whereas a normal 

thyroidd is capable of escaping from the inhibitory effects of iodine excess on 

thyroidd hormone synthesis and release, this is less so in patients with chronic 

autoimmunee thyroiditis; especially women with high concentrations of 

circulatingg TPO antibodies are at risk (23). 

Amiodaronee can also induce thyrotoxicosis (AIT) (23) by two mechanisms. 

Firstlyy excess of iodine may cause excessive thyroid hormone synthesis and 

releasee in patients with an underlying thyroid abnormality such as Graves' 

diseasee or nontoxic goitre; it is known as AIT type I. However AIT also occurs 

inn patients without any evidence of pre-existent thyroid disease (24). In this 

typee called AIT type II there is excessive thyroid hormone release caused by 

destructivee thyroiditis. Structural changes in the thyroid gland were studied in 

ratss treated with AM or with a comparable amount of sodium iodide. The 

resultss of this study are that AM-treatment causes extensive damage to the 

thyroidd gland far beyond that caused by equivalent doses of iodine (25, 26). 
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1.2.. Thyroid hormone receptors 

1.2.A.. TR protei n structur e 

Thee thyroid hormone receptor (TR) was first cloned from chicken embryo (27) 

andd human placenta (28) in 1986. It became clear that there are two thyroid 

hormonee receptor genes: c-erbA-a that encodes TRc^ and TRa2 isoforms and 

c-erbA-BB that encodes TRd , TR/52 and TRfi3 isoforms. The TRa2 splice 

variant,, which is only found in mammalians, cannot bind T3 but can act as a 

constitutivee repressor of TR action. 

IKa11 | : 

Aa1 1 

TRa22 [2 

Aa2 2 

TR[V11 l_ 

TRU33 Y/////S 

A03 3 

M M 
iiiiiiiiiiiiiiiiiiiii i 

II l"  '"  I 

H-B++++-H-H H 

mm  I 

t:i::i:t:t::l l 

+rm+ftt+t+tH H 

Tissuee expresston 

skeleta ll  muscle , brow n faL heart 

brain ,, hypothalamu s 

liver ,, kidne y 

pituitar y y 

liver ,, kidney , lung 

Domain n NTDD DBD H LBD D 

Fig.. 4. Schematic representation of the domain structure of the thyroid hormone receptor isoforms 
andd their tissue specific expression. In this schema the domain structure is divided into three 
functionn domains: N-terminal domain (NTD), DNA binding domain (DBD) and ligand binding 
domainn (LBD). DBD and LBD are connected by the hinge region (H). 

Thesee receptors, like all members of the nuclear receptor super family, have a 

similarr domain-like structure and each of these domains have a specific role in 

thee interaction of the receptor with ligands, other nuclear proteins and DNA. 

Thee structure of the TRs is divided in three domains: 1. The N- terminal 

domainn (NTD), differs in size and sequence between TRor and TR/3 isoforms; it 

differss in TRGi and TRfi2, but is similar between TRc^ and TRcr2; 2. The central 

DNAA binding domain (DBD) is highly conserved in all nuclear receptors; 3. The 

C-terminall ligand-binding domain (LBD) binds ligand and is involved in co-
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repressorr and co-activator interaction. Between the DBD and the LBD is a 

movablee (flexible) part of the protein named the hinge region (Fig. 4). 

Thee NTD contains a constitutive activation function (AF-1) and is supposed to 

bee involved in interaction with transcription factors and co-activators. This 

mechanismm is poorly understood due to the fact that its activity is highly 

dependentt on the species or cell types that are studied. The DBD mediates, 

viaa two zinc fingers, DNA recognition. Each zinc finger contains 4 cysteine 

residuess coordinated by a zinc ion and 4 functional sites. The first zinc finger is 

importantt in the specific association with the thyroid hormone responsive 

elementt (TRE) sequences on the DNA. The LBD is involved in nuclear 

localization,, homo- and/or heterodimerization, and most importantly T3 binding. 

Thee structures of the TRcr and TRfi LBDs have been elucidated by X-ray 

crystallographyy (29, 30). The LBD consists of a single structural domain 

packedd in three layers, composed of 12 a-helices, H1-12, and of short p-

strands,, S1-4 forming a mixed (i-sheet. The ligand is buried in the centre of the 

domainn and forms the hydrophobic core of the structure. The LBD in its 

inactiveinactive form is able to bind so-called co-repressor molecules that help the 

receptorr in keeping the gene silent. 

Whenn T3 is bound inside the receptor pocket, helix 12 is displaced from 

"hanging"" at the outside of the receptor to a position in which it closes the 

bindingg pocket like a lid on a box (Fig. 5). This also causes helix 12 to be 

packedd over the lower part of the co-repressor binding surface resulting in a 

disruptionn of co-repressor binding. Co-repressors, like N-CoR and SMART, 

cann bind to a hydrophobic cleft on the outside surface of the LBD of the TR 

thatt is composed of residues from helices (H) 3, 5, 6 and 12. They bind to the 

TRR using two or three interaction domains (IDs) that contain the core 

consensuss amino acid sequence l/LXXIA/l (31, 32). 

Co-activatorss also bind to the same hydrophobic cleft of the LBD. Molecular 

studiess have established that an LXXLL amino acid motif within the co-

activatorss mediates this interaction with the T3 activated receptor (34). This is 

confirmedd by the crystal structure of the TR / glucocorticoid receptor 

interactingg protein (GRIP) NR box peptide complex (35). The consensus 

l/LXXIA/ll motif of the co-repressors resembles the consensus LXXLL motif of 

thee co-activators suggesting that co-repressors and co-activators interact with 

overlappingg sequences on the TR. Despite these similarities there must be a 

11 1 
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mechanismm that determines that only un-liganded TR/3 binds to N-CoR and 

onlyy liganded TRfi binds to GRIP1. A good candidate is the exact position of 

helixx 12 that is supposed to have an important role in this TR-co-repressor / 

TR-co-activatorr exchange (36). 

Cc-repressorr bound T3 bound. Co-activator bound 
Conformationall change of helix 12, 
Bindingg surface for co-activator formed 

Fig.. 5. Model for the exchange of co-repressor to co-activator induced by binding of T3 to the TRa 
orr TR/3. When T3 is bound helix 12 (H12) moves from the outside of the receptor to close the 
receptorr pocket partly over the co-repressor binding surface. Co-repressor will be released and 
thee surface needed for co-activator binding is formed. Co-activators are recruited and bind to the 
hydrophobicc cleft of the LBD. (Modified after Webb P. (33)) 

1.2.B.. TR gene structur e 

Thyroidd hormone receptors (TRs) are members of the super family of nuclear 

receptors.. They are encoded by two different gene loci, TRa (locus c-erbA-

alphaa on chromosome 17q11.2 (human), 10 (rat) and 11 (mouse)) and TR/3 

(locuss c-erbA-beta on chromosome 3p24.3 (human), 15 (rat) and 14 (mouse)) 

(37). . 

Thee TRa locus contains 10 exons and on this gene several TRa isoforms are 

encoded.. The most important TRa isoforms are TRoi and TRa2. TRa2 is 

generatedd from an alternative splice site in exon 9 of the primary RNA-

transcriptt (Fig. 6). The TRa2 splice variant differs from the TRa1 transcript in 

thee part that encodes the hormone-binding domain and can therefore not bind 

T3.. TRa2 can however act as a dominant negative regulator of transcription by 

formingg dimers with TRa!, TR^ and possibly other nuclear receptors. Two 

otherr isoforms, TR a1 and TR a2, also arise from the TRa gene because of 

ann internal promoter located in intron 7 of the TRa gene (Fig. 6). These 

truncatedd receptors are not able to bind to DNA and T3 , but they can act as 

repressorss of the other TR isoforms (38). 
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Thee TRp locus encodes the isoforms TRp^ TRp2, TRp3 and also a truncated 

formm TR p3 (unable to bind T3) which are all generated via alternative splicing 

and/orr differential promoter usage (39). They differ only in the amino terminal 

partt of the receptor. The TRp locus contains 11 exons, of which exons 3-8 are 

commonn to all TRps and also show a high homology with the TRa isoforms. 

Alternativee splicing of exon 1 and 2 results in the N-terminal part of TRp^ Later 

itt was discovered that exon a encodes the N terminal part of TRp2 and that 

exonss A and B encode TRp3 and its variant (Fig. 6). 

A. . 

22 3 4 5 6 7 9aa 9b 

HZB-SSH5H--

r.v.v.v.v v 
WAHWl WAHWl 

oform m 

al l 

Ao l l 

a2 2 

Aa2 2 

mRNA A 
length(kb) ) 

5.5 5 

4.5 5 

2.5 5 

1.5 5 

protein n 
size(kD) ) 

46 6 

16 6 

58 8 

26 6 

soform m 

PI I 

p2 2 

P3 3 

\(!3 3 

mRNA A 
length(kb) ) 

6.2 2 

6.2 2 

7.5 5 

4.0 0 

protein n 
size(kD D 

55 5 

58 8 

44 4 

33 3 

Fig.. 6. 
A.. Schematic representation of the transcripts of the TRa gene. The white blocks are common to 
thee oti and a2 isoforms. The black box is the last part of the TRa primary transcript encoding for 
thee ligand-binding domain of the TRai. The blocked box is the transcript of exon 10 that encodes 
forr the C-terminal part of TRa2. 
B.. Schematic representation of the transcripts of the TRB gene. The black boxes are transcripts 
fromm exon 3-8, and are common in all TRIJ isoforms. The differences between the TRI2. isoforms 
aree located in the N-terminal part. They are generated via alternative splicing and/or differential 
promoterr usage. 
Forr each isoform the length of the mRNA transcript as kilo base pairs (kb) and the protein size as 
kiloo Dalton (kD) are displayed. The protein size for TRa is estimated from mouse and the protein 
sizee for TRli from rat. 

13 3 



Introduction n 

1.2.C.. TR mechanis m of actio n 

Thee action of thyroid hormone in the cell is mediated by the binding of T3 to its 

specificc receptor in the nucleus. The zinc fingers in the DBD of the TRs bind 

DNAA on specific thyroid hormone responsive elements (TREs) in the promoter 

regionn of target genes, most commonly as heterodimers with the retinoid X 

receptorr (RXR). In order to understand the mechanism of TR action better, it is 

importantt to know that the chromosomal DNA in the nucleus of the cell is 

woundd round a nucleosome, which is composed of positively charged proteins 

knownn as histones. Acetylation of these proteins allows the formation of a 

moree loosely packed nucleosome structure because the methyl groups cover 

thee (+) charge. The acetylation and deacetylation of specific lysine residues in 

histoness is regulated by a balance between the activity of several different 

histone-acetyl-transferasess (HATs) and histone de-acetylases (HDACs) (40). 

Thiss equilibrium of acetylation and deacetylation is dependent on the binding 

off an activator (i.e. a ligand bound receptor). Thyroid hormone receptors are 

uniquee among their family in that they can influence gene expression whether 

boundd by ligand or not. This is the result of the fact that the TR can bind to a 

TREE without hormone. The unliganded TR recruits so called co-repressors 

suchh as N-CoR and SMRT, which, via interaction with conserved hydrophobic 

sequences,, causes the gene to be silent. Both N-CoR and SMRT contribute to 

aa large complex that contains the histone de-acetylases (HDACs) and 

repressess gene transcription by condensing chromatin in the proximity of the 

TRR regulated promoter. When T3 is bound the TR homodimer releases the co-

repressorr and disintegrates into monomers. The ligand-bound TR monomer 

noww heterodimerizes with the retinoic X receptor (RXR) and binds again to the 

samee TRE. Due to a conformational change within the LBD (shift of helix 12) it 

iss now able to recruit p160 co-activators such as GRIP1 and/or SRC-1 (41). 

Thee p160 class of co-activators forms a large complex that contains the 

histone-acetyl-transferasess (HATs), CBP/p300 and pCAF and the arginine 

methyl-transferasess CARM1/PTMT1. This complex enhances gene 

transcriptionn by opening the chromatin situated close to the TR-regulated gene 

soo that the target DNA can be reached by RNA polymerase II. For reasons 

thatt are not completely elucidated, TRs interact only transiently with the p160 

(42).. After p160 dissociation, the TR binds a co-activator called TRAP220, 

againn via interaction with LXXLL motifs. After TR binding to TRAP220, which is 
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alsoo part of a large complex (TRAP/DRIP/SMCC/mediator), transcription is 

enhancedd by contacting the basal transcription machinery (36) (Fig. 7). 

J * * * * 

Fig.. 7. General model of activation and repression after nuclear receptor binding on the DNA of 
ligand-dependentt genes. When ligand is bound to the receptor, co-activators bind to the receptor, 
allowingg chromatin structure to be opened and basal transcription machinery to start. In repression 
thee unliganded receptor recruits co-repressors, histones will be deacetylated and chromatin can 
rewind. . 
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1.3.. Interaction s of amiodaron e and thyroi d hormon e 
receptor s s 

1.3.A.. Hypothyroid-lik e effect s of amiodaron e 

Amiodaronee is prescribed in clinical medicine for life-threatening cardiac 

arrhythmiass and angina pectoris. Pharmacological actions of AM in the heart 

aree bradycardia and depression of myocardial oxygen consumption, but the 

mostt important direct electrophysiological effect of AM is lengthening of the 

cardiacc action potential duration (QTc interval; c means correction for heart 

rate).. Changes in QTc interval caused by AM are prevented by the 

simultaneouss administration of T4 or T3 (43). It has therefore been 

hypothesizedd that one of the mechanism of action of AM is by the induction of 

aa local 'hypothyroid-like' condition in the heart (44). These electrophysiological 

changess seen in AM-treated patients resemble those observed in hypothyroid 

patientss (45). The hypothetical scheme of this mechanism of action in 

presentedd in Fig. 8. In this model the duration of the cardiac action potential is 

viewedd as a post receptor effect of nuclear thyroid hormone receptors (TRs) in 

thee heart (46). 

Besidess in the heart, these hypothyroid-like effects of AM are also seen in 

liver,, adipose tissue and in the pituitary. In these tissues comparable effects 

aree induced by hypothyroidism and AM administration, and these effects can 

bee normalized by simultaneous administration of T3 (Table 2), (46, 47). The 

loww tissue content of T3) which resulted in a decrease of nuclear T3 receptor 

occupancy,, was hypothesized to be the working mechanism of AM. This idea 

wass supported by the findings that in rats AM and DEA decrease intracellular 

T33 levels in all tissues as a result of lower T3 production in the thyroid and 

inhibitionn of deiodination from T4 to T3 (19). 

Fromm in vivo studies in rats it became clear that AM affects T3-dependent gene 

expression.. The liver enzyme PEPck, which is an enzyme of the metabolic 

pathway,, is under T3 control. The enzyme activity of PEPck and mRNA 

expressionn are decreased in liver of AM-treated rats compared to controls, 

whereass the nuclear thyroid hormone receptor occupancy in the livers of these 

animalss did not change (48). Another important observation in patients on 

long-termm AM-treatment is a dose-dependent increase in plasma cholesterol. 
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Extrathyroida ll  Recepto r 
tissue ss (heart ) 

C>> T3 = =D> T3J / 
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Hypothyroidd = = 0 T4 \ / 
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O T 3 — = 00 T; 
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Fig.. 8. Hypothetical scheme of the mechanism of action of amiodarone by the induction of a local 
"hypothyroid-like"" condition of the heart. The duration of cardiac action potentials is viewed as a 
postt receptor effect of nuclear T3 binding to TRs in the heart. Receptor occupancy is decreased in 
hypothyroidd and in amiodarone-treated patients, resulting in identical lengthening of the action 
potential.. (Reproduced with permission from Wiersinga and Trip 1986) 

Inn patients on oral AM administration for a mean duration of treatment of 17 

monthss the observed rise in plasma cholesterol is correlated to the cumulative 

dosee of AM, and is independent of thyroid function (49). This 

hypercholesterolemiaa is also observed in rats on AM-treatment (49), which 

wass later explained as a result of a decrease in the T3-dependent expression 

off the LDLr gene on mRNA and protein level in liver (21, 50). 

Studiess with the iodinated cholecystografic agent iopanoic acid that inhibit 

deiodinasee activity and reduces the conversion of from T4 to T3 as strong as 

AMM did not show the hypothyroid-like effects and did not prolong the QTc 

intervall (51). In rodent myocardium no appreciable conversion from T4 to T3 is 

seen,, and data from this and other studies suggest that the heart is uniquely 

dependentt on plasma T3 (52). These findings indicate that the lower T3 
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concentrationss in the cell cannot be the sole mechanism for the AM-induced 

actionn in the heart, but that there must be another working mechanism as well. 

Itt is known that an indirect electrophysiological effect of AM is due to its 

antiadrenergicc action in which AM acts as a noncompetitive a- and (5-

adrenoceptorr antagonist (8, 53). In analogy of the adrenoceptor it could well 

bee that there is also an effect of AM on the binding of T3 to the TR in the 

nucleus.. The high resemblance of AM with T3 led us to hypothesize that AM 

itselff can bind to the TR or that AM hinders the binding of T3to the TR. 

Tablee 2. Hypothyroid-like effects of amiodarone in various tissues 

Tissuee effect 

Heart t 

QTcc interval 

Heartt rate 

^-Adrenoceptorr density 

SERCAA 1) 

Myosinee Heavy Chain a mRNA 

Myosinee Heavy Chain 3 mRNA 

Liver r 

LDLL receptor density 

Spott 14 mRNA 

PEPck2)) protein and mRNA 

Adiposee tissue 

Lipoproteinn lipase activity 

Pituitary y 

TSHH synthesis and release 

Prolactinn mRNA 

Hypothyroidism m 

t t 

1 1 

i i 

4 4 

1 1 

T T 

i i 

i i 

i i 

(T) ) 

T T 

i i 

Amiodarone e 

t t 

i i 

i i 

i i 

T T 

T T 

i i 

T T 

i i 

t t 

T T 

i i 

Amiodaronee + T3 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

N N 

T,, increase; i , decrease; N, return to normal; (t), increase not significant. 

1)) sarcoplasmic reticulum Ca2+ ATPase 

2)) phosphoenol pyruvate carboxykinase 

18 8 



Introduction n 

1.3.B.. Scop e of the thesi s 

Thee effects of amiodarone (AM) and its major metabolite desethylamiodarone 

(DEA)) are studied on the binding of thyroid hormone (T3) to the thyroid 

hormonee receptor <x1 (TRcri) and thyroid hormone receptor (31 (TR/3-,) protein. 

Isoformm specific cDNAs were expressed in bacterial cells and the TRc^ and 

TRfiii proteins were isolated. Interaction of AM and DEA on the binding of T3 to 

TRaiTRai and TRfl^ made it possible to get more insight in the mechanism of 

actionn shown by the different TR isoforms. 

Inn chapter 2 it is described how the solubility problem of the lypophilic 

compoundss AM and DEA was solved. After it had become possible to keep 

AMM and DEA in solution in the aqueous incubation-binding buffer, the effect of 

AMM and DEA of the binding of T3 to the thyroid hormone receptor |31 (TR/50 

proteinn could be studied. From this study it became clear that not AM itself, but 

itss major metabolite DEA, is the inhibitor of the binding of T3 to TR/^ and that 

thee inhibition of T3 binding to TRÖ1 by DEA is noncompetitive in nature. 

Inn chapter 3 the effect of AM and DEA is studied on the binding of T3 to the 

otherr important T3 binding isoform: thyroid hormone receptor cc1 (TRoh). DEA 

iss a much more potent inhibitor of T3 binding to TRcr-i than AM. But in contrast 

too TRfi1( DEA is a competitive antagonist with respect to TRo^. 

Inn chapter 4 the relationship is studied between TRoi and TR/^ proteins and a 

numberr of AM metabolites and analogues to gain insight in which atoms 

and/orr structures in the drug molecule are essential (important) for the 

inhibitoryy properties. The compounds were tested in an in vitro T3 binding 

assayy with TRo^ and TR/31 proteins. Compounds formed by natural 

metabolismm like deethylation and deiodination were tested as well as short-

chainn benzofuran derivatives with various deiodination grade. 

Inn chapter 5 the structure function relationship between DEA and JRfi^ is 

studiedd to get further information on the localization of the DEA binding site on 

thee receptor. To get more insight in this T3 binding studies were performed in 

thee presence of DEA and with various mutations in the T R ^ protein. The 

naturallyy occurring and artificial mutations that are tested are known to 

decreasee T3 affinity, hormone-dependent transactivation, homo- or 

heterodimerization. . 
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Chapterr 6 and 7: From the mutation study a possible binding site for DEA on 

thee hydrophobic outside of the LBD in helix 12 of the T R ^ was hypothesized. 

Inn the period that the mutation studies were performed, interaction of the same 

hydrophobicc region of the TR/^ with the LXXLL motif of co-activators was 

describedd (34, 35). The previous two findings brought up the following 

question:: Does DEA interfere with the binding of co-activator GRIP1 to the 

T R ^ ?? To study this, a non-radioactive pull-down assay was developed, which 

iss described in chapter 6. The results of the interference by DEA on the 

bindingg of co-activator GRIP1 to TR/^ are presented in chapter 7. 

Inn chapter 8 the inhibitory properties of a new anti-arrhythmic drug 

dronedaronee (Dron), without iodine, on the binding of T3 to the TR<x, and T R ^ 

wass studied. The in vitro inhibitory effects of Dron and its major metabolite 

debutyldronedaronee (DBDron) on the binding of T3 to the TRai and TRd are 

reported.. From the results of the binding studies it was hypothesized that Dron 

iss a TRai -selective antagonist. To test this hypothesis an in vivo study was 

performedd in which rats were treated with Dron or AM. The effect of the drugs 

onn plasma thyroid hormone and cholesterol parameters as well as the post 

receptorr effects in heart and liver are described. In both studies the effects of 

AMM to those of Dron are compared. 
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PEA,, Non-competitive inhibitor of T3 binding to TRfij 

2.1.. Abstrac t 

Itt has been hypothesized that amiodarone (AM), a potent antiarrhythmic and 

antianginall drug, induces a local hypothyroid-like condition in extrathyroidal 

tissues.. This might be related to competitive antagonism of AM for the thyroid 

hormonee receptor (TR) reported in some studies but denied in others. These 

conflictingg results are presumably due to the poor solubility of AM in a 

hydrophilicc environment. We, therefore, studied the effect of the drug and its 

majorr metabolite, desethylamiodarone (DEA), on the in vitro binding of thyroid 

hormonee (T3) to its receptor protein using the rat T R ^ expressed in 

EscherichiaEscherichia coli. AM and DEA stayed in solution up to 10"4 M when 0.05% 

Tritonn X-100 was added to the incubation buffer, as evidenced by a recovery 

off 80-90% for both chemicals, as measured by HPLC. 

DEA,, but not AM, had a clear inhibitory effect on the binding of T3 to its 

receptorr (IC50, 1-3 x 10"5M). Scatchard analysis in the presence of DEA 

demonstratedd a dose-dependent decrease in the Ka as well as the maximum 

bindingg capacity. Lineweaver-Burke analysis indicated noncompetitive 

inhibition.. Plots of the intercepts of Lineweaver-Burke plots vs. DEA 

concentrationn were linear (y = 0.334 + 0.098x), giving a K, of 30 /vM for the 

bindingg of DEA to the occupied receptor. Plots of the slopes vs. inhibitor 

concentrationn were parabolic (y = 3.01 + 0.06x + 0.16*2), indicating a 

progressivelyy stronger effect of DEA on the unoccupied receptor as 

concentrationss rise. This preference for the unoccupied receptor is reflected in 

experimentss that show a progressive loss of T3 binding when the receptor was 

incubatedd for increasing periods with DEA before adding T3. 

Wee conclude that DEA is a noncompetitive inhibitor of the binding of T3 to the 

TR#tt protein, interacting preferably with the unoccupied TR. (Endocrinology 

134:: 1665-1670, 1994) 
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2.2.. Introductio n 

Amiodaronee (AM), an iodinated benzofuran derivative, is a potent antiarrythmic 

andd antianginal drug. The pharmacological actions of AM include bradycardia, 

depressionn of myocardial oxygen consumption, and lengthening of the cardiac 

actionn potential, which can be prevented by concomitant administration of a 

physiologicall dose of T4 (1). Furthermore, it reduces cardiac fi-adrenergic 

receptorr density (2), alters the distribution of cardiac myosin isoenzymes (3), 

andd increases plasma cholesterol (4, 5) in a way similar to that observed in 

hypothyroidd animals. It has, therefore, been hypothesized that one of the 

mechanismss of action of AM could be the induction of a local hypothyroid-like 

conditionn in extrathyroidal tissues (6, 7). The well known inhibition of T4 5'-

detodinationn by AM (8, 9) is unlikely to be the sole mediator of this effect, 

becausee other agents that are equally potent inhibitors of the peripheral 

conversionn of T4 to T3 do not have antiarrythmic activity in man (10). 

AMM could also induce a local hypothyroid-like state by interfering with the 

activationn of thyroid hormone-responsive gene expression via the TR. Indeed, 

severall groups have shown that AM inhibits the binding of T3 to its nuclear 

receptorr (11-13) and decreases thyroid hormone-dependent gene expression 

(13-16).. This has led to the proposal that AM acts as a competitive antagonist 

forr the TR, but various in vivo and in vitro studies have shown conflicting 

resultss (11-16). Putative reasons for the observed discrepancies could be the 

solubilityy of AM or the different purities of receptor preparations. We, therefore, 

evaluatedd the effect of AM and its major metabolite desethylamiodarone (DEA) 

onn the in vitro binding of T3 to the purified TRfi-i protein, which was expressed 

inn Escherichia coli. We conclude that DEA, but not AM, is a noncompetitive 

inhibitorr of T3 binding to the T R ^ protein, interacting preferably with the 

unoccupiedd TR. 
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2.3.. Material s and Method s 

2.3.A.. Chemical s 

T33 was obtained from Henning GmbH (Berlin, Germany), and AM (2-butyl-3-(3, 

55 diiodo-4((i-diethylamino-ethoxy) benzoyl) benzofuran) and its major 

metabolitee DEA were a kind gift of Sanofi BV (Maassluis, The Netherlands). 

[125I]T33 (SA, 2200 Ci/mmol) was purchased from New England Nuclear 

(Boston,, MA). All other reagents were of the highest grade possible. 

2.3.B.. Recepto r expressio n 

Thee rat T R ^ (amino acids 31-456) cDNA was cloned in the pEX vector, as 

previouslyy described (17). The receptor construct contains the hormone- and 

DNA-bindingg domain. After heat shock, cells were grown at C for a further 

1.55 h. Cells were then lysed using lysozyme and deoxycholate and fusion 

proteins,, purified as previously described (18), and stored in incubation buffer 

(200 mM Tris-HCI, 0.25 M sucrose, 1 mM EDTA, 50 mM NaCI, and 5% (vol/vol) 

glycerol,, pH 7.6) in liquid nitrogen. 

2.3.C.. AM solubility 

AMM and DEA were dissolved in ethanol to yield a stock solution of 10"2 M. 

Appropriatee dilutions of both compounds in ethanol were added to incubation 

bufferr containing ethanol (0-5%, vol/vol), Tween-80 (0.01-1%, vol/vol), or 

Tritonn X-100 (0.01-1%, vol/vol). After insoluble material was removed by 

centrifugationn at 10, 000 x g for 5 min, AM and DEA concentrations in the 

supematantss were determined by HPLC (19) by comparing the peak area of 

thee unknown sample with that of a known standard. 

2.3.D.. TR bindin g assay 

Beforee incubation, the fusion proteins were solubilised by sonification (10 sec; 

6^/m),, and the nonsoluble proteins were removed by centrifugation (10, 

0000 x g; 5 min). Twenty to 25 jug receptor protein were incubated with [125I]T3 

(10111 M) for 2 h at C in a shaking water bath in incubation buffer (20 mM 

Tris-HCI,, 0.25 M sucrose, 1 mM EDTA, 50 mM NaCI, and 5% (vol/vol) 

glycerol,, pH 7.6) containing 5 mM dithiothreitol, 0.05% Triton X-100, and 

0.05%% BSA. The total incubation volume was 0.5 ml. Reactions were stopped 
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byy chilling the samples in ice-cold water. Bound and unbound hormone were 

separatedd at C using a small Sephadex G-25 medium column (bed volume, 

22 ml; swollen in incubation buffer with 0.05% BSA) in a Pasteur pipette. Four 

0.8-mll fractions were collected from the column, using incubation buffer as 

eluent.. The radioactivity in these fractions was taken to represent the 

hormonall fraction bound to the TR proteins. Specific binding was determined 

byy calculating the difference between the counts bound in the absence and 

presencee of an excess (10"7 M) of nonradioactive T3. All incubations were 

performedd in duplicate. 

Inhibitionn of [125I]T3 binding by either AM or DEA was studied by adding up to 

10"44 M of these chemicals to the incubation mixture. Scatchard analysis was 

performedd by incubating increasing amounts of nonradioactive T3 (1 x 10"10 to 

333 x 10"10M) with the receptor preparations. This was also done in the 

presencee of AM and DEA at different concentrations (1 x 10~5, 2.5 x 10"5, and 5 

xx 10"5 M). In all tubes the final ethanol concentration was 1% (vol/vol), 

includingg controls without addition of the chemicals. 

Thee time course of T3 binding to the TR/^ protein was studied by incubating 

[125I]T33 (0.5 x 10"9 M) with the receptor protein, as described above, and 

stoppingg the reaction at the times indicated. The reaction mixtures were then 

immediatelyy applied to a Sephadex G-25 medium column (2 ml) to separate 

boundd from unbound hormone. Competitors (107 M nonradioactive T3, 

5x10"5MM DEA, or both) were added either at equilibrium (after 120-min 

incubation)) or before equilibrium had been reached (after 15-min incubation). 

Anotherr approach was the addition of 5 x 10~5 M DEA 5, 10, or 30 min before 

addingg [125I]T3 (0.5 x 10"9 M) to study a possible time-dependent effect of DEA 

onn TR binding. 
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2.4.. Result s 

2.4.A.. Solubilit y of A and DEA 

AMM and DEA are strong lipophilic substances. They are, therefore, easily 
dissolvedd in ethanol, but come out of solution in a hydrophylic environment. 
Thiss was evident upon the addition of AM dissolved in ethanol to the 
incubationn buffer (final ethanol concentration, 1%). We tried to overcome this 
byy adding ethanol, Tween-80, or Triton X-100 to the incubation buffer and 
lookedd for the lowest concentration of these compounds that, on visual 
inspection,, showed no precipitation of AM and DEA (Table 1). We found that 
att a concentration of 0.05% Triton X-100, no precipitation of AM and DEA 
couldd be observed up to lO^M (Table 1). Recovery of AM and DEA added to 
thee incubation buffer with 0.05% Triton, as determined by HPLC analysis, was 
onn the order of 80-95%, but decreased remarkably at concentrations above 
10"44 M (Table 1). We refrained from the use of Tween-80, because the addition 
off 0.1% of this solution (vol/vol) strongly interfered with the binding of T3 to 
nuclearr TRs (Fig. 1), acting as a competitive antagonist (data not shown). 

2.4.B.. Bindin g of T3 to the TR/^  protei n 

Wee next looked at the effect of 0.05% Triton X-100 on the binding of T3 to its 
receptorr protein. Triton significantly decreased the binding of [ l]T3. 
Scatchardd analysis revealed an approximately 2-fold lower Ka in the presence 
off Triton, but the maximal binding capacities (MBCs) remained similar 
(Tablee 2). Another problem was that the protein levels used (40-50 jug/ml) 
weree so low that non-specific effects were encountered. Addition of a 10-fold 
excesss of BSA (0.05%) was able to overcome this problem without interfering 
withh the binding parameters of the TRfi: protein (Table 2). Consequently, 
0.05%% Triton X-100 and 0.05% BSA were routinely added to the incubation 
mixturess in the following experiments. 

2.4.C.. DEA inhibit s TR bindin g 

Thee rat TRJS1 was incubated with increasing concentrations (lO'MO"4 M) of AM 

andd DEA in the incubation buffer containing 5 mM dithiothreitol, 0.05% Triton 

X-100,, and 0, 05% BSA. AM did not inhibit T3 binding at the concentrations 

used,, whereas DEA gave rise to a dose-dependent inhibition of the binding of 

T33 to the TRJST; IC50 values ranged from 1-3 x 10"5 M (Fig. 2). 
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FIG.. 1. The effects of AM and solvents on the specific binding of [125I]T3 to isolated rat liver nuclei 
Ratt liver nuclei were incubated with [125l]T3and increasing concentrations of the different 
constituentss of the solvents (9.3% Tween-80 and 1.9% benzyl alcohol). Binding is expressed as a 
percentagee of that in control incubations without any addition, open  circle:  AM in solvents; 
openopen  square:  solvents alone (9.3% Tween-80 and 1.9% benzyl alcohol); open  triangle:  9.3% 
Tween-800 alone; closed  circle:  1.9% benzyl alcohol alone. The final concentration of AM and (the 
componentss of) its solvents in the incubation mixtures are indicated on the horizontal axis. 
Preparationn and incubation of rat liver nuclei were described previously (24). 

Tablee 1. Solubility of AM and DEA in incubation buffer containing ethanol, Tween-80, or Triton X-
100 0 

Ethanoll (vol/vol) Tween-80 (vol/vol) Tritonn X-100 (vol/vol) %% Recovery" 

0%% 0.5% 1 % 5% 0% 0 . 1 % 1 % 10% 0% 0 . 0 1 % 0.05% 0 . 1 % 1 % Ethanol 0.05% Triton 

AM M 

10~33 _ _ _ _ _ _ _ + _ _ + + 

10"44 — — —  _ _ + + _ _ + + 

10"55 — — —  _ _ + + _ _ + + 

DEA A 

10"33 _ _ _ _ _ _ _ + _ _ + + 

10"44 — — —  _ _ + + _ _ + + 

10"55 — —  — + — — + + 

0 0 

0 0 

0 0 

0 0 

0 0 

11-1 3 3 

11-2 6 6 

91-9 9 9 

78-9 3 3 

34-4 0 0 

90-9 5 5 

73-8 3 3 

Thee minus sign indicates macroscopically visible precipitation, plus/minus an opalescent solution 
andd plus a clear solution after the addition of A and DEA at different concentrations to the 
incubationn buffer. 

"" Recovery of A and DEA (measured by HPLC) was determined in two experiments and 
expressedd as a percentage of the added chemical. 
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FIG.. 2. Binding of T3 to the TRfi-, in the presence of increasing concentrations of AM and DEA. 
Thee TRBi was incubated with [125I]T3 (10 11 M) in the presence of increasing concentrations AM 
{open{open  triangle)  and DEA {closed  triangle)  at 22 C for 2 h. Binding is expressed as a percentage 
off the control value and is corrected for non-specific binding. Data are presented as the mean
SDD (n = 5). 

Tablee 2. Effect of the addition of 0.05% Triton X-100 and 0.05% BSA on the binding of T3 to the 
TR/3rprotein,, as evident from Scatchard analysis 

Boo (%) 
(1(ff litres/mol) 

MBC C 

(10',0M) ) 

Noo addition 

+0.05%% Triton 

+0.05%% Triton + 0.05% BSA 

688 6 

366 ° 

388 ° 

1.55 6 

0.77 ° 

1.22 6 

6.44  1.5 

10.22 1 

7.22  3.4 

Valuess are the mean  SD (n = 5). 

Bo,, Specifically bound [125I]T3, expressed as a percentage of the added radioactivity. 

 P < 0.05 compared to no addition (by sign test on differences between pairs). 
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2.4.D.. DEA is a noncompetitiv e inhibito r 

Wee next analysed the inhibition of T3 binding by DEA in more detail. Binding 

dataa obtained in the presence of increasing concentrations of DEA were 

analysedd in Scatchard plots. These concentrations were chosen because the 

effectss of these DEA concentrations in the competition curve were most 

pronounced.. As can be seen in Fig.3A, increasing concentrations of DEA 

loweredd the Ka, as well as the MBC, which is reminiscent of noncompetitive 

inhibition.. Figure 3 shows representative results of two independent 

experimentss performed in duplicate. To get a more definitive answer on the 

naturee of the competition, the data were analysed using Lineweaver-Burke 

plots.. As can be seen in Fig. 3B, curves were obtained with increasing slope 

andd intercept on the y-axis and with the intersection point of the different 

curvess on the x-axis, which is indicative of noncompetitive inhibition. We next 

plottedd the slope and the intercept on the y-axis vs. the inhibitor concentration. 

Thesee plots yield information on the inhibitor constants of the binding of DEA 

too the unoccupied (I + R<->IR; K,) and to the occupied TR (I + TR ^ ITR; K|) 

respectively.. As can be seen in Fig. 4, the plot of the slope vs. inhibitor is 

parabolicc (y = 3.01 + 0.06x + 0.16x2; r = 1.00), whereas that of the intercept vs. 

inhibitorr is linear (y = 0.334 + 0.098x; r = 0.97; P < 0.01), giving a Kj of 30 /v/W 

forr the binding of DEA to the occupied receptor. The parabolic curve indicates 

thatt as the DEA concentration rises, its effect on the unoccupied TR will 

becomee progressively stronger. The small slope of the curve of the intercept 

vs.vs. inhibitor indicates that DEA is not able to influence the occupied receptor to 

aa great extent. This is illustrated in Fig. 5, which shows the time course of 

[125I]T33 binding to its receptor. When DEA (5 x 10"5 M) was added at 

equilibriumm (120 min), only slight competition was seen (Fig. 5A). When this 

concentrationn of DEA was added before equilibrium was reached, maximal T3 

bindingg occurred at a lower level (Fig. 5B). Adding an excess of cold T3 

togetherr with DEA caused the same kinetics as adding excess T3 alone. 

Furthermore,, adding DEA (5 x 10"5 M) 5, 10, or 30 min before adding T3 

resultedd in a time-dependent loss of T3 binding (Fig. 5C). Together, these 

resultss indicate that DEA interacts preferably with the unoccupied receptor, 

renderingg it unable to bind T3. 
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FIG.. 3. Scatchard and Lineweaver-Burke plots of T3 binding to the TR/3( in the presence of 
increasingg concentrations of DEA. The rat TR/3i was incubated with increasing concentrations of 
T33 in the presence of 0 M (open  circle),  1.0 x 10"5 M (closed  circle),  2.5 x 10"5 M (open  triangle), 
andd 5.0 x 10"5 M (closed  triangle)  DEA. Binding data were corrected for non-specific binding. A, 
Scatchardd plots; the lines are described by the following functions: 0, y = 0.50 - 0.22x, r = 0.99; 1.0 
xx 10"5, y = 0.41-0.20x, r = 0.94; 2.5 x 10"5, y = 0.25-0.13x, r = 0.99; 5.0 x 10"5; y = 0.15-0.11x, r = 
0.92.. B, Lineweaver-Burke plots; the binding data obtained in AM were used to prepare double 
reciprocall plots. The lines are described by the following functions: 0, y = 0.34 + 3.05x, r = 1.00; 
1.00 x 10s, y = 0.45 + 3.25x, r= 1.00; 2.5 x 10"5, y = 0.54 + 4.09x, r= 1.00, 5.0 x 10"5, y = 0.84 + 
7.04x,, r = 1.00. 

22 3 

DEAA M (x105) 

FIG.. 4. Plots of the slope and intercept vs. inhibitor concentration. The slope (open  square) square)  and 
interceptt (open  triangle)  of the different lines of the Lineweaver-Burke plots of T3 binding to the 
TR/3ii protein were plotted against the inhibitor concentration. These plots yield information on the 
inhibitorr constants of the binding of DEA to the unoccupied (l+R<->IR; Ki) and occupied TR (l+ TR 
<->ITR;; Kj), respectively. 

35 5 



DEA,, Noncompetit ive inhibitor of T3 binding to TR/2, 

200 40 60 80 100 120 

timee (min) 

timee (min) 

FIG.. 5. Time course of [125I]T3 binding to the TR/3i with prior or delayed DEA addition. The rat 
TR/3ii was incubated with [1 5I]T3 (0.5 x 10"9 M) at room temperature. At different time points the 
reactionss were stopped, and T3 binding was determined, as described in Materials and Methods. 
Non-specificc binding was subtracted in all cases, open circle:  The time course of T3 binding 
withoutt any competitor. Cold T3 (107 M; closed  circle),  DEA (5 x 10"5 M; closed  triangle),  or cold 
T33 with DEA (10" and 5 x 10"5 M, respectively; open  triangle)  were added at equilibrium (A) or 
beforee equilibrium was reached (B). C, The effect of adding 5 x 10~5 M DEA 5 min (closed  circle), 
100 min (open  triangle),  or 30 min (closed  triangle)  before the addition of [125I]T3 to the incubation 
mixturee (time zero). 
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2.5.. Discussio n 

Thee data on the effect of AM on the binding of T3 to its receptor protein have 

beenn conflicting. One explanation for this could be the solubility of AM in the 

bufferr systems used. Latham et al. (11) describe that they cannot see signs of 

precipitationn when they add AM to their buffer containing 1% ethanol. We, on 

thee other hand, found no soluble AM or DEA in the presence of 1 % ethanol, as 

measuredd by HPLC. Moreover, we could not observe a clear inhibitory effect 

off A or DEA in the presence of 1 % ethanol and receptor protein. 

Wilsonn (12) dissolved AM in 50% propanol-water and found that AM 

precipitatedd upon dilution. Consequently, the experiments were carried out in a 

two-phasee environment. In this system, coprecipitation of AM and T3 is 

observed.. Although we show no experiments directly assessing a possible 

interactionn between DEA and T3 in our buffer system, we think this is highly 

unlikely,, as competition with T3 alone and that with T3 (10~7 M) and DEA (5 x 

10ss M) together show the same kinetics, whereas were DEA to interact 

directlyy with T3 and thereby render it unable to bind to the TR, adding DEA and 

T33 together should result in a slower dissociation kinetics. Furthermore, adding 

DEAA at different times before T3 shows a time-dependent effect on the 

maximall T3 binding, which would not be expected if there were a direct 

interactionn between DEA and T3. Wilson (12) also describes the formation of 

twoo components from AM, the appearance of one of which, y, correlated with 

thee inhibitory effect of AM. We have not been able to detect a y-like compound 

inn our HPLC assays of AM or DEA. Despite the precipitation of AM, Wilson 

alsoo observed a lowering of both the Ka and MBC upon addition of the drug to 

thee binding reaction. Two additional papers (9, 20) that describe experiments 

lookingg at the effect of AM on T3 binding to its receptor in vitro do not mention 

anyy solubility problems. The lack of an AM effect on TR binding in the study of 

Sogoll et al. (9) may be due to the fact that they dilute AM from an ethanol 

stockk into incubation buffer. As mentioned above, we were not able to find 

solublee AM when it was diluted in this way. Norman and Lavin (13), who 

studiedd the effect of AM on T3 binding in GC cells and on solubilised TRs from 

differentt tissues, used incubations in buffers containing Tween-80 and benzyl 

alcohol,, in which the compound remained soluble. We have shown here, 

however,, that Tween itself appears to be a competitor of T3 binding when the 
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properr control incubations are carried out. The reported action of AM as a 

competitivee antagonist of TR binding by Norman and Lavin (13) is, thus, due to 

Tween-80,, not to AM itself. 

Ourr studies demonstrate that DEA behaves as a parabolic noncompetitive 

inhibitorr and interacts preferably with the unoccupied receptor. The 

noncompetitivee nature implies that DEA and T3 are able to bind to the receptor 

att the same time on different binding sites. Our data agree with those obtained 

byy Latham et al. (11) in rat liver nuclei insofar as we find a stronger 

competitionn by DEA then AM for the TR/?!, which is the predominant receptor 

inn liver. However, to calculate the Kd for DEA binding, they used a formula that 

cann be derived only when linear competitive inhibition is observed (i.e. Kj = K,). 

Thee parabolic curve implies that increasing the concentration of the inhibitor 

willl give a more than linear effect and, consequently, a change in the binding 

constant,, K|. This combined with the fact that the unoccupied receptor is the 

mainn target for DEA could be part of the explanation for the late onset of AM's 

sidee effects, such as the development of hypercholesterolemia (5). AM and its 

metabolitee DEA accumulate in tissues during treatment with the drug, and it is 

conceivablee that an effect is only seen when their concentrations exceed a 

certainn threshold. Furthermore, the intracellular level of T3 is lowered during 

AMM treatment, which may lead to lower receptor occupancy. Thus, only after a 

certainn time span, as DEA concentrations increase (and concomitantly K|) and 

moree unoccupied receptors become available, will the effect of DEA become 

apparent.. The addition of T3 would increase the number of occupied receptors 

andd thereby decrease the effect of the drug. This has indeed been shown by 

severall researchers who demonstrated that changes induced by AM could be 

reversedd by T3 treatment (13, 16). The data presented in Fig. 5 also support 

this,, in that adding an excess of T3 together with DEA shows the same 

dissociationn kinetics as adding just the excess T3. This can be explained by 

thee greater affinity of T3 for the receptor than DEA, resulting in higher receptor 

occupancyy and a decrease in the effect of DEA. In the case of mild 

hypothyroidism,, either in vivo (15) or in vitro (13), the effect of AM is most 

clearlyy seen. This, in a way, is reflected by our experiments in which we added 

DEAA before equilibrium was reached or before T3 was added. In these cases, 

thee effect of DEA was more pronounced due to the lower receptor saturation 

withh T3. It, therefore, appears that AM has its greatest effect when a mildly 
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hypothyroidd condition is present. AM has a specific effect on thyroid hormone-

dependentt gene expression (13-16), which could arise from interference with 

thee binding of T3 to the TR via its major metabolite DEA (as shown in this 

paper).. The TR is a member of the family of nuclear hormone receptors and 

cann be divided into three major domains, the N-terminal transactivation region, 

thee DNA-binding domain, and the C-terminal ligand-binding domain, which 

containss the dimerisation and ligand-inducible transactivation regions (21). As 

DEAA competes with T3 for binding to the receptor, it could well interfere with 

eitherr dimerisation or transactivation and in that way inhibit thyroid hormone-

dependentt effects. Hormone binding to the TR is necessary for receptor 

activation.. The activated receptor, in turn, influences gene expression. If DEA 

interferess with the binding of T3 to its receptor protein, the receptor will not 

becomee activated and cannot influence gene expression. This means that T3 

shouldd be present for an effect of DEA on thyroid hormone-dependent gene 

expressionn to become apparent. Evidence for this is provided by studies in GC 

cells,, where adding AM without T3 had no effect on rat GH expression, and 

studiess in thyroidectomised rats that had no detectable plasma T3, in which no 

effectt of AM on left ventricular weight or myosin heavy chain distribution was 

observedd (13,16). 

Fromm our data and those of others, it is clear that DEA may act as an 

antagonistt of the TR. The intracellular concentrations reached in vivo are high 

enoughh (50-500 jyM/cell) (22, 23) for the drug to be able to interfere with T3 

action.. The precise manner in which DEA interacts with the receptor and 

consequentlyy interferes with gene activation remains to be investigated. 
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DEA,, Competitive inhibitor of T3 binding to TRai 

3.1.. Abstrac t 

Desethylamiodaronee (DEA), the major metabolite of the potent antiarrhythmic 

drugg amiodarone (AM), is a noncompetitive inhibitor of the binding of thyroid 

hormonee (T3) to the prthyroid hormone receptor (TR/^). In the present study, 

wee investigated whether DEA acts in a similar way with respect to the TRcr-i. 

Thee chicken TRa-i, expressed in an E.coli system, was incubated in the 

presencee or absence of DEA with [125IJT3 in buffer containing 0.05% Triton X-

100,, 0.05% BSA and 1% ethanol (v/v) in order to solubilise DEA. DEA, but not 

AM,, inhibited T3 binding in a dose-dependent manner; the IC50 value was 3.5 x 

10"5M.. Scatchard analyses in the presence of DEA demonstrated a dose-

dependentt decrease in Ka values, but no change in MBC. Lineweaver-Burk 

plotss clearly indicated competitive inhibition by DEA. Pre-incubation of the 

TRCTII with DEA decreased maximal [125I]T3 binding, which was independent of 

thee duration of pre-incubation. 

Inn conclusion, in contrast to the TRp1( where DEA acts as a noncompetitive 

inhibitor,, we now report as a new finding the competitive action of DEA to the 

TRo,. . 

3.2.. Introductio n 

Amiodaronee (AM), a potent antiarrhythmic and antianginal drug, is known to 

inhibitt thyroid hormone-dependent gene expression. This inhibition is apparent 

bothh at the mRNA and at the protein level (2, 3). We have recently reported 

thatt not AM itself but its major metabolite desethylamiodarone (DEA) acts as a 

noncompetitivee inhibitor of the binding of T3 to the TR/^ (1). We wondered if 

differencess between the TR/^ and TRari (the homology between the two 

proteinss is 72% for the hinge region and 82% for the ligand binding domain) 

wouldd result in differences in inhibition of T3 binding to these receptors by DEA. 

WeWe now report that DEA (in contrast to our previous findings with respect to 

thee TRfii) acts as a competitive inhibitor of T3 binding to the TRov 
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3.3.. Material s and method s 

3.3.A.. Chemical s 

Desethylamiodaronee was a kind gift of Sanofi B.V., Maassluis, The 

Netherlands.. 3,5,3-Triiodothyronine (T3) was obtained from Henning GmbH, 

Berlin,, Germany. [125I]T3 (spec.act. 2200 Ci/mmol) was purchased from New 

Englandd Nuclear, Boston, USA. All other reagents were of the highest grade 

possible. . 

3.3.B.. Recepto r expressio n 

Thee chicken TRo^ (amino acids 1-408) cDNA was cloned in a pEX vector as 

previouslyy described (8). After heat shock at C for 10 min the cells were 

grownn at C for 1.5 h. Cells were then lysed using lysozyme in a shaking 

ice-bathh at C for 40 min. Fusion proteins were isolated as described (10) and 

storedd in incubation buffer (20 mM Tris-HCI, 0.25 M sucrose, 1 mM EDTA, 50 

mMM NaCI, 5% (v/v) glycerol, pH 7.6) in liquid nitrogen. No pronounced loss of 

T33 binding activity was observed during this procedure. The purity of the 

receptorr preparation is approximately 0.5%, which is comparable to that 

observedd by Ribeiro et.al. (7). 

3.3.C.. TR bindin g assay 

Thee fusion proteins were defrosted on ice and solubilised by sonification (10 s, 

6pm)) and the non-soluble proteins were removed by centrifugation (5 min, 

10,0000 x g). Twenty to twenty-five ug protein was incubated with [125I]T3 

(10~111 M) for 2h at C in a shaking water bath in incubation buffer containing 

55 mM DTT, 0.05% Triton X-100 and 0.05% BSA. Total incubation volume was 

0.55 ml. Reactions were stopped by chilling on ice water. Bound and unbound 

[125l]] T3 were separated at C using a small Sephadex G25 medium column 

(bedd volume 2 ml, swollen in incubation buffer with 0.05% BSA) in a Pasteur 

pipette.. Four 0.8 ml fractions containing the bound hormone were collected, 

usingg incubation buffer as eluent. Specific binding was determined by 

calculatingg the difference between the counts bound in the absence and 

presencee of an excess (107 M) of non-radioactive T3. All incubations were 

donee in duplicate. 

46 6 



PEA,, Competitive inhibitor of T3 binding to TRai 

Inhibitionn of [125I]T3 binding by desethylamiodarone (DEA) was studied by 

addingg up to 10"4 M DEA to the incubation mixture. DEA was solubilised in a 

stockk solution of 10"2 M in ethanol, and remained in solution under the chosen 

incubationn conditions (1). In all tubes the final ethanol concentration was 1% 

(v/v),, also in the controls without DEA. Scatchard analyses were performed by 

incubatingg the receptor with increasing amounts of non-radioactive T3 (1-33 x 

10*100 M) in the absence or presence of DEA (1 x 10"5, 2.5 x 10"5, 5 x 10"5 M). 

Thee time course of T3 binding to the TR^ protein was studied by incubating 

[125I]T33 (0.5 x 10'9M) with the receptor protein as described above and 

stoppingg the reaction at the times indicated. The bound and unbound 

hormoness were immediately separated using the Sephadex G-25 medium 

column.. Competitors (non-radioactive T3, 10'7M; DEA, 5 x 10"5M; or both) 

weree added at maximal (after 120 min) and half-maximal (after 10 min) 

binding. . 

Pre-incubationn experiments were performed to study a possible time-

dependentt effect of DEA on the unoccupied receptor by adding DEA 5 x 10~5 M 

att 5, 10 or 30 min prior to adding [125I]T3 (0.5 x 10~9M) to the receptor-

incubationn mixture. 

Tablee 1. Effect of desethylamiodarone {DEA) on the binding of T3 to the TRcri and TR/Si-proteins, 
obtainedd from Scatchard analysis 

TRofi i 

1.Ka(109L/M) ) 

2.. MBC(10"1 ) 

TRB, , 

3.. Ka<109L/M) 

4.. MBC(10"1 ) 

6 6 

7 7 

5 5 

1 1 

11 x10"5M 

5 5 

6 6 

1 1 

5 5 

DEAA concentration 

2 .5x10 ' 5M M 

3 3 

0 0 

7 7 

5 5 

55 x 10"5 M 

2 2 

3.8U0.86 6 

1 1 

1.1410.30 0 

Valuess are mean  S.E.M. (n = 5); significance of decrease is tested by two-way Anova analysis: 
1.. P = 0.0002; 2. P = 0.43; 3. P = 0.03; 4. P = 0.0002. Two-way Anova analysis was used, 
becausee there are two classifying variables, namely the DEA concentrations and the five 
independentt experiments with different receptor protein batches. 
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3.4.. Result s 

3.4.A.. Scatchar d analyse s 

Wee observed a dose-dependent inhibition of T3 binding to the chicken TRo, by 

DEAA but not by AM. The IC50 value of DEA was 3.5 x 10"5M. Scatchard 

analysiss in the presence of O.O, 1.0, 2.5 or 5.0 x 10~5 M DEA demonstrated a 

progressivee lowering of Ka-values but MBC-values did not change with 

increasingg DEA concentrations (Fig. 1A). These results were consistent in five 

separatee experiments and in contrast with the effects of DEA on T3 binding to 

thee TRCT in which both Ka and MBC decreased (Table 1). Lineweaver-Burk 

plotss showed clearly competitive inhibition of T3 binding to the TRct^ by DEA 

(Fig.. 1B). We next plotted the slope and the intercept (on the y-axis) versus 

thee inhibitor concentration (on the x-axis). These plots yield information on the 

inhibitionn constants of the binding of DEA to the unoccupied (I + R <-> IR; K,) 

andd to the occupied TR (I + TR <-̂  ITR; K,) respectively. As can be seen in 

Fig.. 1C, the plot of the slope vs. inhibitor is parabolic (y = 3.898 + 0.111x + 

0.2011 x2, r = 1.00, P = 0.005) whereas that of the intercept vs. inhibitor is linear 

(yy = 0.072x + 0.376, r = 0.858, NS from 0). The parabolic curve indicates that 

ass DEA concentration rises, its effect on the unoccupied TR becomes 

progressivelyy stronger. The horizontal line of the intercept vs. inhibitor 

indicatess that increasing DEA concentrations have no effect on the occupied 

receptor. . 

3.4.B.. Time-cours e experiment s 

Thee time course of [125I]T3 binding to its receptor is shown in Fig. 2. When DEA 

(55 x 10"5 M) is added at equilibrium (120 min, Fig. 2A), only slight competition 

iss seen. When the same concentration of DEA is added before equilibrium is 

reached,, a lower maximal T3 binding is observed (Fig. 2B). Adding an excess 

off nonradioactive T3 together with DEA displays the same kinetics as adding 

thee excess of T3 alone. 

Pre-incubationn of the unoccupied receptor with DEA (5 x 10~5 M) at 5, 10 or 30 

minn prior to adding [125I]T3, results in the same maximal T3 binding for the 

differentt pre-incubation times (Fig. 2C). This indicates competition between T3 

andd DEA for binding sites on the a1-TR, in which T3 effectively displaces DEA 

fromm the receptor. 
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Fig.. 1. Inhibition of the binding of T3 to TRd by desethylamiodarone (DEA). 

oo 0.20 

oo 1 2 

T,, BOUND ) 

A.. Scatchard plots: The chicken TRcn was 
incubatedd with increasing concentrations of 
T33 in the presence of 0 M (open  circle), 
1.00 x 1CT M (closed  circle),  2.5 x 10"5 M 
(open(open  square),  and 5.0 x 10~5 M (closed 
square)square)  DEA. Binding data were corrected 
forr non-specific binding. 

0.00 0.2 

1/T,, x 10'  (l/mol) 

B.. Lineweaver-Burk plots: the binding data 
obtainedd in panel A were used to prepare 
thee double reciprocal plots. 

C.. Plots of the slope and the intercept vs. 
inhibitorr concentration: the slope (open 
square)square)  and intercept (open  circle)  of the 
differentt lines of the Lineweaver-Burk plots 
off T3 binding to TRrji were plotted against 
thee inhibitor concentration. These plots 
yieldd information on the inhibitor constants 
off the binding of DEA to the unoccupied 
(l+R<->IR;; Ki) and to the occupied TR 
(l+TR^>ITR;; Ki) respectively. 
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Fig.. 2. Time-course of [125I]T3 binding to TRa-, with prior or delayed addition of desethylamiodarone 
(DEA). . 

A.. Addition of nonradioactive 
T33 (10"7 M; closed  circle), 
DEAA (5x10"5 M; open  square) 
orr T3 + DEA (closed  square) 
att maximal binding of T3. 

1600 240 
timee (minutes} 

B.. Addition of nonradioactive 
T33 (107 M; closed  circle), 
DEAA (5x10"5 M; open  square) 
orr T3 + DEA {closed  square) 
att half maximal binding of T3. 

BOO 120 
timee (minutes) 

C.. Pre-incubation of TR<7i 
proteinn with DEA(5x10"5M) 
att 5 min (closed  circle),  10 
minn (open  square) square)  or 30 min 
(closed(closed  square)  before 
additionn of [125I]T3 to the 
incubationn mixture at t = 0. 

400 60 
timee (minutes) 

50 0 



DEA,, Competitive inhibitor of T3 binding to TRa, 

chicke nn  a l , aai20-4io 

ratt  ( i l , aa 174-461 

LVLDDSKR|V]AKRKLL I EENREiRJR 

MAfTpLVLDDSKRfLJAKRK LL I EENRE 

RS|LQ0RJplsptSfl|EEWELlHv|VTEAH|RStrNAQGSHWKQKRkFLPEDIGQ(S S 

KSJII  GHKPBTOI^EWELlkdvrrEAH|yAfrNAQGSHWKOKRKFLPEDIGQJA|p 

ASN#JD&)KVDLEAFS|ErFTK11TPAITRVVDFAKKLPN N 

VNApJEpboiVDLEAFSPFTK11TPAITRWDFAKKL] ] 

F|S|ELPCEDQIILU U 

CEDQIILLJ J FJCJELPC C 

jkGCCMEIMSLRAAVRYDPpSETLTLjSpËMAV V 

JKGCCMEIMSLRAAVRR YDPiI>SETLTLiN|GEMAV 

EQLKNGGLGG WS DA I FDj 

LKNGGLGG WS DA IFD! 3QI I 

LGlK^LSiAJFNLDDTEVALLQAVLLMSSDRflJGTliC^KllEl^lf^Ty^LAl ^ ^ 

RJppLACVJERIEKlYiQfclSFJLLAFEHj j GG M|SLS|S|FNLDDTEVALLQAVLLMSSDF 

YINYRKHNIPHFWPKLLMKVTDLRMIGACHASRFLHMKVECPTELFPPLF F 

** k-k it it it -kit 

YINYRKHHVTHFWPKLLMKVTDLRMIGACHASRFLHMKVECPTELFPPLF F 

LEVFEDQEV V 

LEVFED D 

Fig.. 3. Compariso n betwee n the amin o acid sequence s of the hormon e bindin g domai n of 
thee chicke n TRo,- and rat TRp,. Identical sequences are boxed. Black dots indicate positions 
wheree point mutations of aa result in a decrease or loss of T3 binding (9). Asterisks indicate natural 
occurringg mutations in the human TR(3i gene that lead to thyroid hormone resistance (6). 
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3.5.. Discussio n 

Desethylamiodarone,, but not amiodarone itself, inhibited the binding of T3 to 

thee TRalT similar to our previous findings with respect to the TRfi-,. Indeed, IC50 

valuess of DEA for the TRc^ and TRfi1 proteins were in the same order of 

magnitudee (3.5 and 2 x 10"5M respectively). The mode of inhibition of 

T33 binding by DEA, however, appeared to be different for the TRa^ and TRfi^ 

DEAA acted as a competitive inhibitor of T3 binding to the TRo^ as evident from 

Scatchardd analyses and Uneweaver-Burk plots, whereas it is a noncompetitive 

inhibitorr of T3 binding to the TR/Si. The data suggest that DEA and T3 compete 

forr the same binding site in case of the TRo, (competitive inhibition). In 

contrast,, the noncompetitive nature of the inhibition by DEA on the TR/^ 

pointss to either of two possibilities, namely (1) the DEA binding site is separate 

fromm the T3 binding site: or (2) the DEA binding site (partly) overlaps the 

T33 binding site of the TRfiv In both cases, T3 binding is inhibited. 

AA number of potentially crucial differences exist between the TRo, and T R ^ in 

thee hormone-binding domain (aa: chicken cr1 120-410; rat /31 174-461) 

(Fig.. 3). It could therefore be postulated that the aa differences between TRa^ 

andd TRfi-i in this region determine the type of inhibition by DEA. Interestingly, a 

numberr of these al& differences are present near a region that is important for 

T33 binding, because point mutations in this region decrease T3 binding (9) 

(Fig.. 3). 

Inn view of the much higher affinity of T3 for the receptor proteins as compared 

too DEA, it is not surprising that DEA exerts its effect on unoccupied binding 

sitess of the TR in particular, and this is true for both the TRo, and T R ^ 

proteins.. This suggests that it takes time before the inhibitory effect of DEA on 

TRR binding becomes evident in patients on long-term AM medication. Clearly, 

tissuee concentrations of DEA must exceed a certain level before they can 

competee effectively with T3 for available binding sites on TRs. The fact that 

DEAA accumulates in tissues makes it feasible that the inhibitory effects of DEA 

doo occur in vivo. One of the side effects of amiodarone is hyper-

cholesterolemiaa (presumably mediated via decreased gene expression of the 

LDL-receptor;; (3)), which develops slowly over time and is directly related to 

thee cumulative dosage of AM (5, 11). This clinical observation in humans might 

bee related to our in vitro observation of inhibition of TR binding by DEA. 
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Inn conclusion, DEA acts as a competitive antagonist for the TRc^ and as a 

noncompetitivee antagonist for the TR^ . This could be reflected in differential 

effectss of AM in different tissues because of the different distribution of the 

TRR subtypes in the tissue (4). Future studies with amiodarone analogues or 

withh mutated receptors might enable a more detailed analysis of the structure-

functionn relationship of this fascinating antagonism of DEA for the binding of T3 

too its receptor proteins. 
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AMM analogues and T3 binding to TRa^ and T R d 

4.1.. Abstract 

Desethylamiodaronee (DEA), the major metabolite of the potent antiarrhythmic 

drugg amiodarone (AM), acts as a competitive inhibitor of T3 binding to the eu-

thyroidd hormone receptor (TRoi), but as a noncompetitive inhibitor with 

respectt to the euthyroid hormone receptor (TR^). To gain insight into the 

structure-functionn relationship of the interaction between AM metabolites and 

TRs,, we investigated the effects of several AM analogues on T3 binding to the 

TRoii and TR/^ in vitro. The analogues tested were: 1) compounds obtained 

byy deethylation of AM, DEA and desdiethylamiodarone (DDEA); 2) compounds 

obtainedd by deiodination of AM, monoiodoamiodarone (MIA) and 

desdiiodoamiodaronee (DDIA); 3) benzofuran derivatives with various iodination 

grades,, 2-butyl-3-(4-hydroxy-3, 5-diiodo-benzoyl)benzofuran (L3373, two 

iodinee atoms), L6424 (L3373 with one iodine atom), and L3372 (L3373, no 

iodinee atoms). 

IC500 values of inhibition of T3 binding to the TRot and TRÖ1 respectively, were 

ass follows (mean  SD, expressed x 10"5 M): DEA 4.7  0.9 and 2.7  1.4 (P < 

0.001);; DDEA 3.7  0.9 and 1.9  0.3 (P < 0.001); monoiodoamiodarone, more 

thann 20 and more than 20; DDIA 16.2  5.6 and 9.1  2.1 (P < 0.01); L3373, 

3.88  1.0 and 3.6  0.5 (P = NS); L6424, 11.3  5.7 and 10  2.0 (P = NS); and 

L3372,, no inhibition. Scatchard analyses in the presence of DDEA, DDIA, and 

L33733 demonstrated a dose-dependent decrease in Ka, but no change in the 

maximumm binding capacity (MBC) of T3 binding to the TRc^. Langmuir plots 

clearlyclearly indicated competitive inhibition of T3 binding to TRoi by DDEA, DDIA 

andd L3373. In contrast, these three analogues acted differently with respect to 

thee TR^ . DDEA and DDIA decreased both Ka and MBC in Scatchard plots 

usingg TRfii, demonstrating noncompetitive inhibition. L3373 decreased dose-

dependentlyy Ka but not MBC, values of T3 binding to the TRfi1f and clearly 

actedd as a competitive inhibitor. Kj plots indicated that DDEA, DDIA and L3373 

doo not interfere significantly with occupied TRs. K| (inhibition constant for the 

unoccupiedd receptor) plots demonstrated increasing inhibition of the T3 binding 

too unoccupied receptors with increasing analogue concentrations. 

Inn summary, 1) removal of one or two ethyl groups of AM results in 

compoundss with strong but almost equal potency of inhibiting TR binding, 

whereass removal of one or two iodine atoms of AM has a lower potency in this 
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respect.. The strong inhibitory potency of the benzofuran derivative L3373 

(equallingg that of the deethylated compounds) is lost upon deiodination. 2) All 

testedd AM analogues acted as competitive inhibitors to the TRcr^ The 

behaviourr to the TR^! was different; deethylation or deiodination of AM results 

inn noncompetitive inhibition, whereas L3373 was a competitive inhibitor. The 

potencyy of deethylated and deiodinated compounds (but not of the benzofuran 

derivatives)) for inhibiting T3 binding was twice as high for the TRfi1 as for the 

TRCTI.. 3) All tested AM analogues preferentially interfere with T3 binding to 

unoccupiedd receptors. 

Thee implications of these findings for the structure-activity relationship are the 

following:: 1) the size of the diethyl-substituted nitrogen group and of the two 

bulkyy iodine atoms in the AM molecule hamper the binding of AM at the 

T33 binding site of TRs; and 2) differences in the hormone-binding domain of 

TRcr-ii and TRIS, are likely to account for the competitive or noncompetitive 

naturee of inhibition of T3 binding by AM analogues. 
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4.2.. Introduction 

Amiodaronee (AM), an iodinated benzofuran derivative, is a potent 

antiarrhythmicc and antianginal drug. It also profoundly affects thyroid hormone 

metabolism.. The drug causes a dose-dependent decrease in serum T3 

concentrationss due to diminished hepatic T4 5'-deiodination secondary to 

inhibitionn of T4 transport across the plasma membrane (1). It also decreases 

genee expression of thyroid hormone-dependent genes such as phosphoenol 

pyruvatee carboxy kinase and the low-density lipoprotein (LDL) receptor (2, 3). 

Thee hypothesis of AM as a thyroid hormone antagonist has been further 

supportedd by the finding that desethylamiodarone (DEA), the major metabolite 

off AM, inhibits the binding of T3 to its nuclear receptor. DEA acts as a 

competitivee antagonist with respect to binding of T3 to the TRc^ but, 

interestingly,, as a noncompetitive antagonist with respect to the T R ^ (4, 5). 

Thee metabolic pathway involved in A/-dealkylation of AM can reduce tertiary 

aminess to secondary amines (DEA) and finally to a primary amine 

[desdiethylamiodaronee (DDEA)]. DDEA has been positively identified in 

plasmaa and myocardial tissue of AM-treated dogs, but was present in only 

smalll quantities in human plasma (6). Besides deethylation, AM also 

undergoess deiodination. A small peak was found in pooled plasma from 

patientss on AM, possibly corresponding to the metabolite deiodo-

desethylamiodaronee (7). It is currently unknown whether biotransformation of 

thee drug also yields monoiodoamiodarone (MIA) and desdiiodoamiodarone 

(DDIA). . 

Thee aim of the present study was to delineate possible inhibitory effects of AM 

analoguess on nuclear TR binding and to evaluate any differences between a<\-

andd TRfii in this respect. In doing so we tried to clarify the structure-function 

relationshipp of the interaction between AM analogues and TRs. 
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4.3.. Materials and methods 

4.3.A.. Chemicals 

Nonradioactivee T3 was obtained from Henning (Berlin, Germany). [125I]T3 (SA, 

22000 Ci/mmol) was purchased from New England Nuclear (Boston, MA, USA). 

Thee AM analogues were a kind gift from Sanofi (Brussels, Belgium) and Sanofi 

(Maassluis,, The Netherlands). 

Threee types of analogues were tested (Fig.1): 1) compounds obtained by 

deethylationn of AM: DEA (L33520) and DDEA (L33530); 2) compounds 

obtainedd by deiodination of AM: MIA (L6355), DDIA (L3937); 3) benzofuran 

derivativess with various iodination grades: 2-butyl-3-(4-hydroxy-3, 5-diiodo-

benzoyl)benzofurann (L3373, two iodine atoms), 2-butyl-3-(4-hydroxy-3-iodo-

benzoyl)benzofurann (L6424, one iodine atom), and 2-butyl-3-(4-hydroxy-

benzoyl)benzofurann (L3372, no iodine atoms). All reagents were of the highest 

gradee possible. 

4.3.B.. Receptor expression 

Thee chicken TR#i (amino acids 1-408) and rat TR/^ (amino acids 31-456) 

cDNAA were cloned in a pEX vector, as previously described (8). After heat 

shockk at C for 10 min, the cells were grown at C for 1.5 h. Cells were 

thenn lysed using lysozyme in a shaking ice bath at C for 40 min. Fusion 

proteinss were isolated as previously described (9) and stored in incubation 

bufferr [20 mM Tris-HCI, 0.25 M sucrose, 1 mM EDTA, 50 mM NaCI, and 5% 

(vol/vol)) glycerol, pH 7.6] in liquid nitrogen. The purity of the receptor 

preparationn was on the order of 0.5%. 

4.3.C.. TR binding assay 

Thee fusion proteins were defrosted on ice and solubilised by sonification (10 s, 

66 /vm) and the nonsoluble proteins were removed by centrifugation (5 min, 

10.0000 x g). Receptor proteins (20-25ug protein / tube) were incubated with 

[125I]T33 (1011 M) for 2h at C in a shaking water bath in incubation buffer 

containingg 5 mM dithiothreitol, 0.025% Triton X-100, 0.05% BSA, and 1% 

ethanoll (vol/vol). These additions to the incubation buffer were necessary to 

solubilisee AM and its analogues in a hydrophilic environment as demonstrated 

previouslyy (5). The total incubation volume was 0.5 ml. Reactions were 
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amiodaronee (A , L 3428) C,H, 

desethylamiodaronee (DEA, L 33520) C,H5 

desdiethylamiodaronee (DDEA, L 33530) H 

C 2 H 5 5 

H H 

H H 

CMCMS S 

RR3 3 

amiodaronee I 

monoiodoamiodaronee (MIA , L 6355) I 

desdiiodoamiodaronee (DDIA , L 3937) H 

R4 4 

i i 

H H 

H H 

OH H 

L3373 3 
L6424 4 
L3372 2 

R3 3 

l l 

I I 

H H 

R4 4 

I I 

H H 

H H 

FIG.. 1. The molecular constitution of AM analogues: deethylated analogues (top), deiodinated 
analoguess [middle), and benzofuran derivates (bottom). 
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stoppedd by chilling on ice water. Bound and unbound [125l] T3 were separated 

att C using a small Sephadex G-25 medium column (bed volume, 2 ml; 

swollenn in incubation buffer with 0.05% BSA) in a Pasteur pipette. Four 0.8-ml 

fractions,, containing the bound hormone fraction, were collected using 

incubationn buffer as eluent. Specific binding was determined by calculating the 

differencee between the counts bound in the absence and presence of an 

excesss (10"7M) of nonradioactive T3. All incubations were performed in 

duplicate.. The maximal binding capacity (MBC) of TR preparations varied 

betweenn 2-6 10"10 M/L 

Thee potency of AM analogues to inhibit the binding of T3 to the TRc^ and TRd 

wass tested over a concentration range of 10"7 - 10"4 M. Analogues, solubilised 

inn a stock solution of 10 2 M in ethanol, were incubated with receptor proteins 

andd [125I]T3 as described above. In all tubes the final ethanol concentration was 

1%% (vol/vol). From these experiments the IC50 values of the analogues were 

calculated. . 

Scatchardd analyses were performed with the most potent analogue of each 

group.. Receptor proteins and [125I]T3 were incubated with increasing amounts 

off nonradioactive T3 (1 x 10~10 to 33 x 1010M) in the absence or presence of 

DDEA,, DDIA, or L3373. Three or four separate experiments were performed 

forr each analogue; in each experiment the inhibitory effect of the analogue 

wass tested at two concentrations and simultaneously for the TRa^ and TR#-|. 

Thee MBC and Ka values of the experiments presented in Table 2 were 

calculatedd using the non-linear curve-fitting computer program Ligand (Biosoft, 

Cambridge,, UK). Changes in MBC and Ka as a function of analogue 

concentrationn were analysed by two-way ANOVA. 

Langmuirr plots (equivalent to Lineweaver-Burk plots) were prepared from the 

dataa of the Scatchard analyses. To delineate the type of inhibition, we 

analysed,, by means of the t test, whether the intercepts on the y-axis differed 

significantlyy among the various analogue concentrations; differences on the y-

axiss were taken as evidence for noncompetitive inhibition, whereas the 

absencee of such differences indicated competitive inhibition. Plotting the 

slopess and the intercepts of the Langmuir plots (on the y-axis) vs. the 

analoguee concentrations (on the x-axis) yielded Kt (inhibition constant for the 

unoccupiedd receptor) and K, plots, providing information on the inhibition 

constantss of the binding of the analogues to unoccupied TR (I + R <-̂  IR; Ki) 

andd occupied TR (I + TR <r-> ITR; K) respectively. 
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4.4.. Results 

4.4.A.. Inhibitory potency of analogues 

Whereass AM itself had almost no inhibitory effect on the binding of T3 to its 

receptors,, deethylation of AM resulted in compounds that greatly inhibited the 

bindingg of T3 to its receptors (Table 1 and Fig. 2). The inhibitory potency was 

similarr upon the removal of one or two ethyl groups. Deiodination of AM 

resultedd in compounds with slightly increased inhibitory potency relative to that 

off AM. The inhibition became stronger with progressive deiodination, but IC50 

valuess were smaller than those of deethylated compounds. The compound 

L3373,, in which the (diethylamino)ethoxy side-chain of AM is replaced by a 

hydroxyll group, inhibited the binding of T3 with approximately the same 

potencyy as the deethylated compounds. Monodeiodination of L3373 greatly 

reducedd the inhibitory potency, which was completely lost when both iodine 

atomss were removed. The observed inhibitory effects of AM analogues were in 

thee same order of magnitude for both TRo^ and TR/S^ although IC50 values of 

deethylatedd and deiodinated analogues of AM were twice as high for the TRc^ 

ass for the TR/S-i. 

TABLEE 1. Inhibition of the binding of [125I]T3 to the TR01 and TR/Si by amiodarone and its 
analogues s 

Amiodarone e 

Desethylamiodarone e 

Desdiethylamiodarone e 

Monoiodoamiodarone e 

Desdiiodoamiodarone e 

L33733 (two iodine atoms) 

L64244 (one iodine atom) 

L33722 (no iodine atom) 

n n 

5 5 

7 7 

8 8 

3 3 

8 8 

6 6 

3 3 

3 3 

IC5oo values of amiodarone 
analoguess (10"5M)a 

TRc* * 

>20 0 

4.77  0.9 

3.77 9 

>20 0 

16.215.6 6 

3.88 0 

11.33 7 

Noo inhibition 

TR/3i i 

>20 0 

2.77 4 

1.99 3 

>20 0 

9.11 1 

3.66 5 

100 0 

Noo inhibition 

PP value" 

<0.001 1 

O.001 1 

<0.01 1 

NS S 

NS S 

n,, Number of experiments. 
33 Values are the mean  SD 
bb Differences between TRcn and TR/S-i, determined by f test. 
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o o 
CO O 

Controll A DEA DDEA Controll A DEA DDEA 

Controll A MIA DDIA Controll A MIA DDIA 

3 3 
O O 
m m 

Controll L3373 L6424 L3372 Controll L3373 L8424 L3372 

FIG.. 2. Inhibition of the in vitro binding of [125I]T3 to the TRa, (left panels) orTRS, (right panels) by 
AMM and its analogues (final concentration, 10-4 M). Values are given as mean D (n=3) and 
expressedd as percentage of specifically bound [ l]T3 in the absence of AM or its analogues. 
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4.4.B.. Competitive and noncompetitive inhibition by analogues 

Representativee Scatchard plots and Langmuir analysis of the effect of DDEA, 

DDIA,, and compound L3373 are depicted in Figs. 3 and 4, respectively. The 

statisticall analysis of the experimental results is given in Table 2. 

TABLEE 2. Characteristics of thee inhibition of the binding of T3 to TRcri and TR/^ by 
desdiethylamiodaronee (DDEA), desdiiodoamiodarone (DDIA) and 2-butyl-3-(4-hydroxy-3, 5-diiodo-
benzoyl)benzofurann (L3373), as evident from Scatchard plots and Langmuir analyses 

DDEA A 

Scatchardd plots 

0.00 x 10s M 

1.0x10"5M M 

2.5x10_5M M 

PP (by two-way AN OVA) 

Langmuirr analysis 

DDIA A 

Scatchardd plots 

O.0x10-5M M 

3.0x10"5M M 

6.00 x 10s M 

PP (by two-way ANOVA) 

Langmuirr analysis 

L3373 3 

Scatchardd plots 

0.0x1O~5M M 

1.0x10"5M M 

2.5x10'5M M 

PP (by two-way ANOVA) 

Langmuirr analysis 

MBC C 

3.466  0.56 

3.322  0.65 

3.122 9 

NS S 

TRa, , 

Ka a 

8 8 

1.86+0.05 5 

1.188 8 

0.0001 1 

Competitivee inhibition (P = 0.46) 

3.344 3 

3.177 7 

3.133  1.71 

NS S 

2.022  0.72 

1.600 0 

1.322 4 

0.04 4 

Competitivee inhibition (P = 0.46) 

2.999  0.32 

2.855 1 

2.766  0.30 

NS S 

1.988 2 

1.699 0 

1.011 6 

0.02 2 

Competitivee inhibition (P = 0.62) 

MBC C 

4.577  0.77 

3.644  0.61 

2.288 3 

0.0002 2 

Noncompetitive e 

3.133 5 

2.577 5 

2.22+0.98 8 

0.02 2 

TRÖ! ! 

Ka a 

1.033 + 0.12 

0.766 4 

0.666  0.03 

0.0004 4 

inhibitionn (P = 0.004) 

1.211 0 

1.122 9 

0.866 8 

0.045 5 

Noncompetitivee inhibition (P = 0.008) 

3.87+0.83 3 

3.72+0.75 5 

3.833 8 

NS S 

0.900 7 

0.788 8 

0.511 8 

0.002 2 

Competitivee inhibition (P = 0.52) 

MBC,, 10"10M/litre; Ka, 109 litre/M; values are the mean  SD (DDEA, n = 4; DDIA, n = 4; L3373, n 
== 3). P values determined by Langmuir analyses indicate whether the intercepts on the y-axis 
differr significantly between the various analogue concentrations. 

Withh respect to the binding of T3 to the TRa^ none of the three analogues 

affectedd the T3 MBC of the receptor, but all decreased the affinity constant of 

T33 binding in a dose-dependent manner. Langmuir analysis confirmed the 

competitivee nature of the inhibition of T3 to the TRot by these analogues. A 
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differentt picture emerged for the TR/Si. DDEA decreased both MBC and Ka 

dose-dependentlyy in the Scatchard plots and was shown to be a non-

competitivee inhibitor by Langmuir analysis. DDIA also decreased MBC and Ka, 

indicatingg noncompetitive inhibition. This was also evident from the Langmuir 

plots,, although the intercepts on the y-axis were just marginally different 

amongg the various concentrations of the drug (P = 0.08). The compound 

L33733 only affected the affinity constant and clearly was a competitive inhibitor 

off the TROT. 

4.4.C.. Kj and K, plots of analogues 

KjKj plots (intercept vs. inhibitor) were linear, with a negligible slope for both 

TRcr,, and TRÖ1f indicating lack of interference of DDEA, DDIA, and L3373 with 

occupiedd receptors. In contrast, K, plots (slope vs. inhibitor) were linear with a 

significantt slope for both TRo^ and TRÖ1( indicating stronger inhibition of 

T33 binding to unoccupied receptors with increasing concentrations of DDEA, 

DDIA,, and L3373. K, values of DDEA were 3.1 x 10'5M (TRon) and 1.5 x 

10"5MM (TRfii), those of DDIA were 9.4 x 10~5M (TRcr,) and 6.2 x 10"5M 

(TR/Si),, and those of L3373 were 2.2 x 10"5 M (TRorO and 3.1 x 10"5 M (TR^). 

Thee Ki plots appear to become parabolic at analogue concentrations 

exceedingg 2.5 x 10"5M (DDEA and L3373) or 6 x 10"5M (DDIA; data not 

shown),, suggesting a progressively stronger inhibition of T3 binding to 

unoccupiedd receptors. 
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u. . 
5 5 

0.20 0 

00 1 2 3 4 

T,, BOUND (10-" M/L) 

FIG.. 3. Scatchard analyses of the binding of T3 to TRcr̂  (left panels) or T R ^ (right panels) in the 
absencee (open circles) or presence of AM analogues. Top panel: DDEA, 1.0 x 10"5 M (closed 
circles),, and 2.5 x 10"5 M (open squares). Middle panel: DDIA, 3 x 10"5 M (closed circles), and 6 x 
10"55 M (open squares). Bottom panel: L3373, 1,0 x10 5 M (closed circles), and 2, 5 x 10"5 M (open 
squares). . 
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s s 
t t 

-0.22 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 

O O 
CO O 

-0.22 -0.1 0.0 0.1 0.2 0.3 -0.22 -0.1 0.0 0.1 0.2 0.3 

z z 
o o 
Ó Ó 

-0.22 -0.1 0.0 0.1 0.2 0.3 -0.22 -0.1 0.0 0.1 0.2 0.3 

1/Tjj Present 1010 M 1/T33 Present 1010M 

FIG.. 4. Langmuir plots of the binding of T3 to TRoi (left panels) or TRSi (right panels) in the 
absencee (open circles) or presence (closed circles and open squares) AM analogues constructed 
fromm the data obtained in the Scatchard analysis. 
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4.5.. Discussion 

Ourr results indicate that structural changes in the AM molecule affect the 

potencyy of the drug to compete with T3 for binding to TRs. The strongest 

competitivee behaviour is seen with deethylated AM and the compound L3373, 

whichh has a phenolic OH. A weaker, but still measurable, competition is seen 

withh deiodinated AM. The data support the hypothesis that one of the 

mechanismss of action of AM is induction of a hypothyroid-like condition by 

interferencee with the binding of T3 to the nuclear receptors (1). The likelihood 

off this mechanism to be operative in vivo is underlined by various 

pharmacologicall studies. Firstly, the main metabolite of AM is DEA (7), which 

slowlyy accumulates in body tissues, reaching concentrations capable of 

inhibitingg T3 nuclear binding (5). The preference of DEA to interfere with 

unoccupiedd TR is in line with clinical data indicating a gradual development of 

itss thyroid hormone antagonistic effects in vivo (10). Furthermore, 

administrationn of DEA itself has similar effects as the parent drug (11). 

Secondly,, although not much is known on the occurrence of deiodinated AM in 

vivo,vivo, one tablet of 200 mg of AM generates during its biotransformation 6 mg 

freee iodine (1), indicating that the deiodinated forms may occur. Lastly, the 

compoundd L3373 is much like benziodarone (the difference being that the 2-n~ 

butylgroupp in benziodarone is replaced by an ethyl group in L3373), which 

exertss similar actions as AM (12). 

Thee action of AM can be explained by structural similarity between AM and 

iodothyroniness (Fig. 5). Important functional groups, identified in studies with 

iodothyroninee analogues (13), in the T3 molecule for the binding to the nuclear 

receptorr are 1) the 4'-OH group for the formation of hydrogen bonds, 2) the I 

atomss for hydrophobic interactions (the I atoms can be replaced by small alkyl 

groups,, roughly the size of iodine, without great impairment of receptor 

binding),, 3) the diphenyl ether linkage for controlling conformation, and 4) the 

alaninee side-chain amino acid and carboxylate group for the formation of an 

ionn pair with a charged part of the receptor. A number of studies compared the 

structurall similarity between AM and iodothyronines by superimposing the 

iodophenyll ring of A to either the inner or outer ring of the iodothyronines (15, 

16).. We propose that the iodophenyl ring of AM and its analogues is 

equivalentt to the T3 inner ring, and that the 4'-side group is able to position 
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itselff well into the receptor-binding pocket, as this model is most compatible 

withh the competitive behaviour of the analogues tested in this study. 

Amiodaronee Desethylamradarone 

Benziodaronee Thyroxine 

FIG.. 5. Molecular conformation of AM, DEA, benziodarone, and T4. The conformation of T3 is 
similarr to that of T4(14). (Figures are by courtesy of Dr. V. Cody (Buffalo, NY) (15).) 

Removingg the bulky I groups from AM results in an increase in 

competitiveness.. It may allow a better fit of AM in the binding pocket of the TR, 

probablyy by releasing the constraints put on the molecule by the two I atoms. 

Deiodinatedd AM is, therefore, better able to wriggle itself into the pocket. 

However,, there is not enough space to alleviate the hindrance caused by the 

twoo A/-ethyl groups, which is reflected in the fact that the IC50 of DDIAM is at 

leastt 4-fold higher then that of DEA or L3373. 

Deethylationn of AM leads to an increase in competitive behaviour, probably as 

aa result of both a change in size and in conformation (15) of the 4'-side group 

andd a change in the charge of this side group (less basic). Because the 4'-side 

groupp is probably positively charged, it may be able to interact with a charged 

side-chainn of the TR molecule, stabilizing the interaction. The finding that the 

L33733 compound is as effective in competing for T3 binding as DEA shows that 

itt is not just the size of the 4'-side group that matters. The I atoms are 
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important,, as deiodination of L3373 results in total loss of competitive potency, 

andd the benzofuran group may be involved as well. 

Itt can be envisaged that not only the size and conformation of the 4'-side 

group,, but also the position of the benzofuran group and its 2-side-chain play a 

rolee in the competitive ability of AM and its analogues. It has been shown 

usingg x-ray crystallography that there is a change between AM vs. DEA and 

benziodaronee in the conformation of the 2-side chain, which results in a 

differentt overall conformation (15). Charged side groups, equivalents of the 

alaninee side-chain, are not present on the benzofuran moiety, which may also 

influenceinfluence competing ability. This can explain why L3373, even though it has a 

phenolicc OH like T4, does not compete as well as might have been expected 

onn the basis of its structural similarity to T4 (15). 

Thee differential behaviour (competitive vs. noncompetitive) of the a r and (l^-

subtypess of the receptor toward DDEA and DDIA could be explained by 

differencess in the amino acid sequences of these two receptor proteins. One 

examplee is Tyr395 in TRfi^ which is a Ser in the TR^-subtype. Interestingly, 

thiss position 395 would end up on the top of helix 6 in the aid barrel model 

nearr the putative binding pocket (18, 19) so it could well have an influence on 

AMM binding. Our future studies will be aimed at using other AM analogues and 

mutantss of the TR to further elucidate the mechanism of inhibition of AM, with 

respectt to the binding of T3 to TRa! and TRfi^ 
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Effectt of mutations in the TR/?i on the inhibition of T3 binding by PEA 

5.1.. Abstract 

Desethylamiodaronee (DEA) acts as a competitive inhibitor of T3 binding to the 

cMhyroidd hormone receptor (TRo,) but as a noncompetitive inhibitor with 

respectt to the firthyroid hormone receptor (TRfii). To gain insight into the 

positionn of the binding site of desethylamiodarone on the TRIi^ we investigated 

thee naturally occurring mutants Y321C, R429Q, P453A, P453T and the 

artificiall mutants L421R and E457A in the ligand binding domain of the human 

TR/Svv The IC50 values (in uM) of DEA for P453A (50  11) and P453T (55

16)) mutant T R ^ are not different from that for the wild type TR/^ (56  15), 

butt the IC50 values of R429Q (32  7; P < 0.001) and E457A (17  3; P < 

0.001)) are significantly lower than of the wild type. Scatchard plots and 

Langmuirr analyses indicate a noncompetitive nature of the inhibition by DEA of 

T33 binding to all four mutant TRfl^s tested. Mutants P453A and P453T do not 

influencee overall electrostatic potential, and also do not influence the affinity for 

DEAA compared to wild type. Mutant E457A causes a change from a negatively 

chargedd amino acid to a hydrophobic amino acid, enhancing the affinity for 

DEA.. Mutant R429Q, located in helix 11, causes an electrostatic potential 

changee from positive to uncharged, also resulting in greater affinity for DEA. 

Wee therefore postulate that amino acids R429 and E457 are at or close to the 

bindingg site for DEA, and that DEA does not bind in the T3 binding pocket 

itself,, in line with the noncompetitive nature of the inhibition of T3 binding to 

TRS-,, by DEA. 
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5.2.. Introduction 

Amiodarone,, an iodinated benzofuran derivative, is a potent antiarrhythmic 

andd antianginal drug. It also profoundly affects peripheral thyroid hormone 

metabolism.. The drug causes a dose-dependent decrease of serum T3 

concentrationss due to diminished hepatic T4 5'-deiodination secondary to 

inhibitionn of T4 transport across the plasma membrane (1). It also decreases 

genee expression of thyroid hormone-dependent genes such as a-myosin 

heavyy chain and the low-density lipoprotein receptor (2, 3). The hypothesis 

thatt amiodarone is a thyroid hormone antagonist has been further supported 

byy the finding that desethylamiodarone (DEA), the major metabolite of 

amiodarone,, inhibits the binding of T3 to its nuclear receptor. DEA acts as a 

competitivee antagonist with respect to binding of T3 to the TRoi isoform but 

interestinglyy as a noncompetitive antagonist with respect to the T R ^ isoform 

(4,, 5). Further insight in this antagonistic effect of DEA on TR binding can be 

obtainedd by evaluating the changes in the molecular constitution of either the 

drugg or the receptor. We have previously reported the results of competition 

studiess with amiodarone analogues: the bulky iodine atoms, the 

hydrophobicity,, the electric charge and the overall size of the analogues 

markedlyy influenced the nature and potency of their inhibition on TR binding 

(6).. These studies, however, did not provide further information on the 

localizationn of the DEA binding site on the receptor. Therefore we studied the 

effectt of naturally occurring and artificial mutations in the T R ^ that are known 

too decrease T3 affinity (R429Q, P453A and P453T), hormone-dependent 

transactivationn (E457A), homodimerisation (R429Q) or heterodimerization 

(L421R,, 9th heptad mutant). 
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5.3.. Materials and methods 

5.3.A.. Chemicals 

Nonradioactivee 3, 5, ^-triiodothyronine (T3) was obtained from Henning 

GmbH,, Berlin, Germany. [125I]T3 (spec. act. 2200 Ci/mmol) was purchased 

fromm New England Nuclear, Boston, USA. Desethylamiodarone was a kind gift 

off Sanofi Recherche (Montpellier, France). All reagents were of the highest 

gradee possible. 

5.3.B.. Receptor expression 

Receptorss were expressed in Escherichia coii as a GST fusion protein using 

pGEX-2TKK vector (Pharmacia Biotech, Sweden) containing either wild type 

humann TRfi^ naturally occurring mutant human TRB1Y321C, R429Q, P453A, 

P453T,, or artificial mutant human TRfii L421R and E457A (residues 174-461) 

(7,, 8). The cells were grown overnight in 2 x YT-G medium (yeast extract 10 

g/L,, tryptone 16 g/L, NaCI 5 g/L and 10% (w/v) glucose) and than diluted 1:10 

inn pre-warmed ) medium until an optical density of 1-1.2 was reached. 

Afterr IPTG (isopropyl-R-D-thiogalactoside) 1 mM F.D. was added the cells 

weree grown for another 1.5 h. Cells were then lysed by sonification in PBS (2 x 

200 s, 50 W on ice). Each receptor protein preparation was purified using 

glutathione-Sepharosee 4B affinity resin (Pharmacia Biotech, Sweden) 

accordingg to the manufacturer's instructions with the following modifications 

(9-11):: Triton X-100 was used in a final concentration of 0.5%, PBS used as a 

washh solution contained 2 mM DTT and 0.2 mM PMSF. The proteins were 

storedd at a high concentration in incubation buffer (20 mM Tris-HCI, 0.25 M 

sucrose,, 1 mM EDTA, 50 mM NaCI, 5% (v/v) glycerol, 5 mM DTT pH 7.6) in 

liquidd nitrogen, thawed on ice and diluted to the desired concentration just 

beforee use. 

5.3.C.. TR binding assay 

Thee receptor proteins were incubated with [125I]T3 (1011 M) for 30 min at C 

inn a shaking water bath in incubation buffer containing 0.025% Triton X-100, 

0.05%% BSA and 1% ethanol (v/v). These additions to the incubation buffer 

weree necessary to solubilise DEA in an hydrophilic environment as 

demonstratedd previously (5). Total incubation volume was 0.5 ml. Reactions 

79 9 



Effectt of mutations in the TRfii on the inhibition of T3 binding by DEA 

weree stopped by chilling on ice-water. Bound and unbound [125I]T3 were 

separatedd at C using a small Sephadex G25 medium column (bed volume 2 

ml,, swollen in incubation buffer with 0.05% BSA) in a Pasteur pipette. Four 0.8 

mll fractions, containing the bound hormone fraction, were collected using 

incubationn buffer as eluent. Specific binding was determined by calculating the 

differencee between the counts bound in the absence and presence of an 

excesss (10"7 M) of nonradioactive T3. All incubations were done in duplicate. 

Thee proteins were diluted to provide a maximal binding capacity (MBC) of the 

TRR preparations between 3 and 10x10"10 M. 

Thee potency of DEA to inhibit the binding of T3 to the wild type and the 

mutatedd TRf i ^ was tested over a concentration range of 10"7 to lO^M. DEA 

solubilisedd as a stock solution of 10~2M in ethanol was incubated in various 

concentrationss with receptor proteins and [125I]T3 as described above. In all 

tubess the final ethanol concentration was 1% (v/v). From these experiments 

thee IC50 values of DEA for the wild type and the mutated TR^s were 

calculated. . 

Scatchardd analyses were performed with DEA concentrations around the IC50 

values.. Receptor proteins and [125I]T3 were incubated with increasing amounts 

off non-radioactive T3 (1 x 1010 to 33 x 10"10M) in the absence or presence of 

DEA.. Four to six separate experiments were done for wild type and mutant 

receptorr proteins; in each experiment the inhibitory effect of DEA was tested at 

twoo or three concentrations. MBC and Ka values were calculated using the 

non-linearr curve-fitting computer program Ligand (Biosoft, Cambridge, UK). 

Changess in MBC and Ka as a function of DEA concentration were analysed by 

two-wayy ANOVA. Langmuir plots were prepared from the data of the 

Scatchardd analyses. 
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5.4.. Results 

5.4.A.. Inhibitory potency of DEA for wild type and mutant TR/^ 

Thee relative affinities for T3 of all TRfi rGST fusions (wild type and mutants) 

aree similar to results obtained before (7, 8). The IC50 value of DEA for the wild 

typetype human TRfii is 56  15 uM (Table 1), in good accordance with the figure 

reportedd for rat T R ^ (5). No reliable IC50 values for the mutant TRIi^s Y321C 

andd L421R could be determined because the initial binding of [125I]T3 was too 

low.. The IC50 values of DEA for the mutant receptors P453A and P453T are 

similarr to those of the wild type, implying that there is no effect of P435 

mutants,, which however do influence T3 binding, on DEA binding. The IC50 

valuess for the mutant receptors R429Q and E457A are significantly lower 

indicatingg that their affinity for DEA is increased compared to wild type 

(Tablee 1, Fig. 1). The inhibitory potency (IC50) of DEA on T3 binding bears no 

relationn to the affinity (Ka) of the different mutants for T3 binding (Table 2). 

o o 

0 0 
Ü Ü 

O O 

? ? 
0 s s 

60 0 
C C 
•3 3 
a a 
2 2 

zy/-zy/-
io**  ïcr* 

Desethylamiodaronee (M) 

FIG.. 1: Binding of T3 to the wild type and human mutant TR/3L Wild type (open circle),  R429Q 
(openn triangle),  P453A (closed  diamond),  P453T (closed  square)  and E457A (closed  triangle) 
weree incubated with [125I]T3 in the presence of increasing concentrations DEA. Binding is 
expressedd as a percentage of the control value without DEA. Data are presented as the mean
S.D. . 
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Tablee 1. Inhibition of the binding of [1 l]T3 to wild type and mutant human TR/S1 by 
desethylamiodaronee (DEA) 

Humann TRIS1 noo of exp. ICsouM M 
(meanisd) ) 

Wildd type TRfi, 

Y321CmTR/$i i 

L421RmTR/Si i 

L454AA mTR/3i 

P453AA mTR/^ 

P453TT mTRd 

R429QQ mTRtfi 

E457AA mTRfli 

8 8 

B00 too low to determine IC50 

B00 too low to determine IC50 

B00 too low to determine IC50 

7 7 

9 9 

9 9 

4 4 

5 5 

1 1 

6 6 

* * 

17+3* * 

Bo,, initial binding 

** p<0.001 vs. wildd type, determined by Mest. 

Tablee 2. Characteristics of the inhibition of the binding of T3 to the wild typee and mutant human 
TRflii by desethylamiodarone (DEA), as evident from Scatchard plots 

DEA A 

MBCC 10~10 M 

Wildd type 

R429Q Q 

P453A A 

P453T T 

E457A A 

Kaa 109UM 

Wildd type 

R429Q Q 

P453A A 

P453T T 

E457A A 

_ _ 

0 0 

1 1 

4 4 

4 4 

8 8 

8 8 

0 0 

9 9 

9 9 

1.00+0.12 2 

105M M 

4.57+0.59 9 

2 2 

6 6 

1 1 

5 5 

5 5 

2.5.10"5M M 

3 3 

2.9611.00 0 

6.34+1.58 8 

7.83+1.23 3 

0 0 

1 1 

9 9 

7 7 

7 7 

2 2 

5.10"5M M 

6 6 

2 2 

9 9 

0 0 

0.311 4 

0.211 5 

p-value e 

0.03 3 

0.0003 3 

0.03 3 

0.007 7 

0.002 2 

0.002 2 

0.15 5 

0.005 5 

0.005 5 

0.03 3 

Valuess are given as the mean D (wt n=4; R429Q n=4; P453A n=4; P453T n=6; E457A n=4). 
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5.4.B.. Nature of inhibition of T3 binding by DEA on wild type and mutant 

TRd d 

Representativee Scatchard plots of the effect of DEA on T3 binding to the 

differentt TRfiiS, are depicted in Fig. 2. DEA decreased both MBC and Ka in a 

dose-dependentt manner as evident from the Scatchard plots for the binding of 

T33 to the wild type and the mutant TRC, (P453A, P453T and E457A) (Table 2). 

Langmuirr plots demonstrated noncompetitive inhibition by DEA for the wild 

typee and these three mutated receptors. In the case of mutant R429Q, DEA 

decreasedd MBC in a dose-dependent manner, but the observed decrease in 

Kaa did not reach statistical significance. After plotting the data in a double 

reciprocall plot (Langmuir plot), it was however clear that DEA is a 

noncompetitivee inhibitor for T3 binding to this mutant as well (Fig. 3). 

o o 
pq q 

oo DEA 0 M 

•• DEAlOmM 

•• OEA2SmM 

•• DEASOmM 

T33 bound 10'" M 

FIG.. 2: Scatchard analyses of the binding of T3 to wild type and human mutant TRfl-, in the 
absencee {open  circle) or presence of DEAIOuM (closed  circle),  DEA 25uM (open  square)  and 
DEAA 50uM (closed  square). 
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5.5.. Discussion 

Whereass amiodarone itself has almost no inhibitory effect on the binding of T3 

too its nuclear receptors, the major metabolite DEA does inhibit the binding of 

T33 (4, 5). The results of the present study indicate that some mutations in the 

ligandd binding domain of human TR(1: change the potency of DEA to inhibit T3 

bindingg to the TR. Whereas no change in inhibitory potency was observed for 

thee naturally occurring mutants P453A and P453T relative to wild type TR/3-i, a 

strongerr inhibitory potency of DEA was observed for the mutant TR^s R429Q 

andd E457A. This differential behaviour of mutant TR/3i with respect to the 

antagonisticc (inhibitory) effect of DEA allows us to postulate a putative location 

off the DEA binding site in the ligand-binding domain of TR^ . 

33 T 

OO DEA 0 M 

-0.11 0 0.1 0.2 0.3 

1/T,, present (10,0M) 

FIG.. 3: Langmuir plot of the binding of T3 to mutant JRIi-i R429Q in the absence {open  circle)  or 
presencee (closed  circle  and open  square)  of DEA, constructed from the data obtained in the 
Scatchardd analysis. 

Thee amino acid sequences of the hormone binding domain of the rat TRc^ and 

thee human TR/^ show 88% identity and are identical from the start of helix 11 

(H3622 in rTRa-i and H416 in fiTR^), except for the last three amino acids of 

rTRoii which are lacking in f iTR^ (Fig. 4). It is assumed that the three-

dimensionall structure of the hormone-binding domain of rTRoi and hTRli^ is 

comparablee (12). Therefore the position of amino acids R429, P453 and E457 

inn hTR/3, reflects the position of R375, P399 and E403 in rTRcr-, (Fig. 4). 
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trtTRa ii  255 H ÏK H *I P HFW PKLLMKVTD L RMIGACHAS R FLHMVECPT E LFPPLFLEV F ED2EV 

humanTRPii  409 YÏKHHVTflF W PKLLMKVTD L RMIGACHAS R FLHMVECPT E LFPPLFLEV F ED 

FIG.. 4: Amino acid sequences of the rTRcM (H355-V410) and the hTRB1 protein (Y409-D461) 

fromm the start of helix 11 until the C-terminal end. 

Inhibitionn of T3 binding by DEA was noncompetitive in nature for the wild type 

andd all four mutant TR/^s tested, indicating that the DEA binding site on the 

receptorr is not equivalent to the T3 binding site of TR/J^ The hormone appears 

too fit tightly in the binding pocket, and is completely buried inside the receptor 

moleculee (12). Its fit is such that there is no apparent extra room inside the 

bindingg pocket. This, combined with the fact that DEA is larger and that its ring 

structuress are not perpendicular, supports the notion that the DEA binding site 

mayy be different from that of T3. 

Thee results with mutant hTR^ presented in this paper permit a more precise 

delineationn of the DEA binding site. Amino acid P453 is situated at the 

beginningg of the amphipathic helix 12 in a hydrophobic region at the outer 

surfacee of the receptor protein. The change from proline to threonine (P453T) 

orr from proline to alanine (P453A), although decreasing T3 binding (Table 2), 

doess not grossly affect the hydrophobicity on the outside of the T R ^ . The 

structuree of the protein could differ, however, because proline is thought to be 

importantt in angle formation. There is no influence of these mutations on the 

affinityy for DEA, suggesting that it may not be the precise receptor structure 

thatt is important for DEA binding but its surface hydrophobicity. 

Aminoo acid E457 is a negatively charged spot within a hydrophobic surface 

facingg outward into the solvent (12). Mutant E457A, which may be deficient in 

co-activatorr interaction (13), gives a change from negative charged glutamate 

too hydrophobic alanine, resulting in an increased inhibitory potency of DEA. 

Thiss again is compatible with a greater affinity of DEA for a more hydrophobic 

outerr surface of the TRfl^ To further prove that hydrophobicity is important in 

DEAA binding, 9th heptad (14) mutant L421R, also facing outward into the 

solvent,, was tested. A decrease in inhibitory potency of DEA for this mutant 

wass expected on the basis of the change from the hydrophobic amino acid 

leucinee to the positively charged arginine. Unfortunately the initial binding of T3 
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wass too low to determine the IC50 values of DEA for this mutant hTR/^ and 

performm the other experiments. 

Inn our study the ligand binding affinity of mutant R429Q was not affected but 

thee inhibitory potency of DEA was almost two times higher compared to wild 

typee (IC50 32 uM vs. 56 uM). Despite the normal ligand binding affinity and co-

activatorr recruitment (15) the RTH mutant R429Q (16, 17) is impaired in co-

repressorr release giving rise to increased negative transcription regulation 

(15).. The arginine residue 429 (TR/30 participates in a hydrophilic interaction 

withh the charged pair arginine 383 (TRfi^ and glutamic acid 311 (TR/30 

formingg a polar invagination (15). We recently argued that (part of) the 

mechanismm of action of DEA could be an increase in co-repressor binding by 

thee TR (18). An interesting parallel is therefore present between the supposed 

mechanismss of action behind R429Q and DEA. 

Inn conclusion, these findings lead us to postulate that amino acids R429 and 

E4577 are at or close to the binding site for DEA. This putative DEA binding site 

onn hTRfii thus differs from the T3 binding site, in accordance with the 

noncompetitivee nature of the inhibition of T3 binding to TRfi-i by DEA. The 

involvementt of the amino acids R429 and E457 in cofactor binding (13, 15) 

combinedd with their apparent role in DEA binding (this study) may help to 

clarifyy the mechanism of action of the drug amiodarone. 
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Non-radioactivee pull-down assay 

6.1.. Abstract 

Manyy transcription factors signal their presence to the transcription initiation 

complexx via protein-protein interactions (1). Among these factors are the 

familyy of the nuclear hormone receptors that repress transcription by 

interactionn with co-repressors like N-CoR and SMRT and increase 

transcriptionn via co-activators like SRC-1, and GRIP-1. The interaction 

betweenn these proteins can be studied in vitro by binding one of them to a 

supportt which can be easily separated from the incubation mixture (usually 

glutathione-Sepharosee beads) and labelling the other so that it can be 

detectedd after electrophoretic separation (usually 35S label) (2). In this paper 

wee describe a novel non-radioactive method for studying these protein-protein 

interactionss (pull-down assay) using the interaction between the thyroid 

hormonee receptor (^ (TRfii) and the nuclear receptor interaction domain (NID) 

off the co-activator GRIP-1 (3) as a model. The required sensitivity is reached 

byy using a hemagglutinin (HA) tag and a high-affinity monoclonal anti-

hemagglutininn antibody (clone 3F10) conjugated with peroxidase in 

combinationn with a long-acting peroxidase substrate. 
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6.2.. Cloning and expression of proteins 

Wee cloned the HA-tag at the N-terminus of the TRf^ hormone binding domain 

byy first adding appropriate restriction enzyme sites using PCR to the 5' and 3' 

endd so that the TRI^ insert could be cloned in-frame with the HA-tag in 

plasmidd pBH6 (Roche Molecular Biochemicals, Germany). The 6-His tag also 

presentt in this vector at the C-terminus is not incorporated into the expressed 

proteinn because the TRR>1 stop codon is 5' of it. The HA-tagged TR was then 

expressedd in E.coli using a standard procedure (manufacturer's protocol). 

Afterr the bacteria were lysed (by sonification 2x20 s, 50 W on ice) and debris 

wass removed by centrifugation, the supernatant containing the HA-TR was 

storedd in aliquots at -70 . The HA-TRRM bound T3 with wild-type affinity (Kd, 

0.3x10"99 M). The GST-GRIP1-NID fusion containing the nuclear receptor 

interactionn domain (NID) of the co-activator GRIP-1 attached to gluthathione-

S-transferasee (GST) was expressed in E.coli as described before (3). 

1 22 3 4 5 6 7 8 

Figg 1. Interaction between the TRR,, hormone binding domain and the NID of GRIP-1. HA-tagged 
TRRMM was incubated with GST-GRIP1-NID coupled to glutathione beads as described. After 
elution,, samples were Western blotted and the presence of the HA-tag was visualized using a 
peroxidasee chemiluminescent substrate. The figure shows the dose-dependent effect of T3 on the 
bindingg between the receptor and the co-activator. Lane 1, one-quarter input; lane 2, no GST-
GRIP1-NID;; lane 3-8 increasing concentration of T3 was added to the binding reaction (0, 0.6, 1, 3, 
300 and 100 nM, respectively). 
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6.3.. Binding experiment conditions 

GST-GRIP1-NIDGST-GRIP1-NID was bound to glutathione-Sepharose beads as described (3). 

GST-NIDD beads were resuspended in binding buffer (20 mM Hepes, pH 7.9; 

800 mM KCI; 10 mM MgCI2; 10% glycerol; 1 mM DTT; 0.1% NP-40; 0.1% Triton 

X-100;; Complete (EDTA free) protease inhibitor (Roche Molecular 

Biochemicals,, Germany)). HA-TR containing lysate (8 |il) was diluted to 20 |il 

withh binding buffer containing 20 ng/ml BSA and preincubated with or without 

T33 for 30 min at 4 . Thereafter an equal volume of GST-NID beads was 

addedd (total reaction volume 40 jxl) and the incubation continued for 90 min at 

100 C whilst shaking. The samples were then spun for 20 s in a microfuge and 

thee beads were washed three times with 250 ul cold binding buffer. The beads 

weree then dried in a Speedvac and resuspended in 20 u.1 protein loading 

buffer.. After boiling for 2 min the 20 uJ samples were applied to a 10% SDS-

PAGEE gel and run at 4 mA/cm. When the bromophenol blue had reached the 

bottomm of the gel, it was blotted onto PVDF membrane (Roche Molecular 

Biochemicals,, Germany) with a Hoeffer SE70 semidry blotter (Pharmacia, 

Sweden)) using a transfer buffer without SDS and lowered methanol (15%) (4). 

100%% -

££ 50% 
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0% % 
00 50 100 

T33 (nM) 

Fig.. 2. Dose-response curve of the binding of TRR>! and GRIP-1 NID. Graphical representation of 
thee dose-dependent effect of T3 on the binding between TRIi, and GRIP-1 NID. Data are 
expressedd as percentage of maximum binding and plotted as mean of two independent 
experiments.. The insert shows an enlargement of the start of the curve (between 0 and 3 nM T3). 

00 1 2 3 

93 3 



Non-radioactivee pull-down assay 

6.4.. Detection of the HA-tag with 3F10 

Thee blot was blocked for at least 1 h at 37 C with 1% Blocking Reagent 

(Rochee Molecular Biochemicals, Germany) in phosphate-buffered saline 

(PBS),, where after the high affinity monoclonal anti-HA antibody conjugated 

withh peroxidase (anti-HA-3F10-POD) was added in the same buffer and 

incubationn continued for 1 h at room temperature. The blot was washed four 

timess 5 min with 0.1% Triton/PBS and then Lumil_ightp,us substrate (Roche 

Molecularr Biochemicals, Germany) was added. After 5 min the 

chemiluminescentt signal was detected and quantified using a Lumi-lmager 

(Rochee Molecular Biochemicals, Germany). Average exposure time was 2 

min. . 

Ass can be seen from the image of the gel (Fig. 1), it is possible to detect the 

HA-taggedd TR after its interaction with the GRIP1-NID. No specific binding 

wass seen without either HA-TR (not shown) or hormone (Fig. 1, lane 3). The 

interactionn between the TR and a co-activator is hormone-dependent which is 

comparablee to previous publications (3,5). The intensity of the bands was 

quantifiedd using the LumiAnalyst software and yielded the graphical 

representationn depicted in Fig. 2. The maximum binding was on average 20% 

off input, a result which is less than that found in another paper dealing with the 

TR/NIDD interaction (3). This can be explained by the fact that we use less T3 

(10"77 instead of 10~5 M) and we have Triton X-100 that is known to lower T3 

bindingg affinity (6), in the binding buffer. Furthermore, the actual relative 

concentrationss of both proteins may differ between this study and that 

publishedd previously. The shape of the dose-response curve is however 

comparablee to that of the interaction of the TR with SRC-1 in the sense that 

thee start of the curve and its plateau are at similar T3 concentrations (5). We 

thereforee offer this non-radioactive adaptation of the pull-down assay as a 

reliablee alternative to the radioactive one. 
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PEAA interferes with the binding of GRIP-1 to TRfli 

7.1.. Abstract 

Ligandd binding to the thyroid hormone nuclear receptor Ö-i (TRfit) is inhibited 

byy desethylamiodarone (DEA), the major metabolite of the widely used anti-

arrhythmicc drug amiodarone. Gene expression of TR-regulated genes can 

thereforee be affected by amiodarone due to less ligand binding to the receptor. 

Previouss studies have indicated the possibility of still other explanations for the 

inhibitoryy effects of amiodarone on T3-dependent gene expression, probably 

viaa interference with receptor / co-activator and co-repressor complex. The 

bindingg site of DEA is postulated to be on the outside surface of the receptor 

proteinn overlapping the regions were co-activator and co-repressor bind. Here 

wee show the effect of a drug metabolite on the interaction of TRfii with co-

activatorr GRIP-1 (glucocorticoid receptor interacting protein-1). The T3-

dependentt binding of GRIP-1 to the TRfl-i is disrupted by DEA. A DEA dose 

experimentt showed that the drug metabolite acts like an antagonist under 

"normal"" conditions (at 10"7 M T3 and 5 x lO^-MO"3 M DEA), but as an agonist 

underr extreme conditions (at 0 and 10"9 M T3 and > 10"4 M DEA). To our 

knowledge,, these results show for the first time that a metabolite of a drug 

whichh was not devised for this purpose, can interfere with nuclear receptor / 

co-activatorr interaction. 
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7.2.. Introduction 

Hormoness can influence transcription via binding to their specific nuclear 

receptors.. Occupancy of binding sites with ligand results in conformational 

changess of the receptor protein, allowing dissociation of co-repressors and 

associationn of the hormone-receptor complex with nuclear co-activators. This 

sequencee of events ultimately leads to modulation of the transcription rate of 

thee hormone-responsive genes (1). The role of nuclear co-repressors and co-

activatorss in transcriptional regulation has only recently become apparent. 

Theirr biological relevance is highlighted by the finding that particular mutations 

inn the human thyroid hormone receptor &>, (hTRfi^ disturb the interaction 

betweenn co-activator and co-repressor interactions and TR, resulting in thyroid 

hormonee resistance (2). Desethylamiodarone (DEA), the major metabolite of 

thee powerful anti-arrhythmic and antianginal drug amiodarone, is a 

noncompetitivee inhibitor of the binding of T3to the T R ^ protein (3), its binding 

sitee is postulated to be on the outside surface of the receptor protein 

overlappingg the regions where co-activator and co-repressor bind (4). Here we 

reportt that DEA can also affect the binding of co-activator glucocorticoid 

receptorr interacting protein-1 (GRIP-1) to the ligand-receptor complex. 

Amiodaronee is widely used in the treatment of a variety of cardiac diseases. It 

iss a peculiar drug in view of its extensive tissue accumulation (notably in the 

liver,, lung and adipose tissue) and very long elimination half-life. Characteristic 

structurall features are its resemblance to thyroxine and its high iodine content. 

Thee release of pharmacological quantities of iodine during biotransformation of 

thee drug results in iodine-induced thyrotoxicosis and hypothyoidism in a 

minorityy (about 16%) of patients. In contrast, in almost every patient treated 

withh amiodarone hypothyroid-like effects are observed in the expression of 

variouss T3-responsive genes. Examples are the decrease in fi-adrenoceptor 

densityy and Na, K - ATPase activity in the heart, and the decrease of low-

densityy lipoprotein (LDL) receptor density in the liver as evident from studies in 

humanss and in experimental animals (5, 6, 7, 8). These hypothyroid-like 

effectss can be reversed by the administration of T3, and are explained from a 

decreasedd transcription of involved genes (9). For example the increase in 

serumm LDL cholesterol observed in amiodarone-treated patients (10) is caused 

byy a decreased expression of the hepatic LDL receptor protein, which is due to 
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aa decreased transcription of the gene encoding for the LDL receptor. The 

decreasee in transcription might well be caused by a lower TR occupancy as 

amiodaronee substantially decreases the generation of T3 out of T4 in the liver 

byy inhibition of type 1 deiodinase (11). Furthermore DEA has been shown to 

bee a competitive inhibitor of the binding of T3 to TRoi (12) and a 

noncompetitivee inhibitor with respect to T R ^ (3). Further insight into this 

antagonisticc effect of DEA on TR binding was obtained by evaluating the 

changess in the molecular constitution of either the drug or the receptor. We 

havee previously reported the results of competition studies with amiodarone 

analogues:: the bulky iodine atoms, the hydrophobicity, the electric charge and 

thee overall size of the analogues markedly influenced the nature and potency 

off their inhibition on TR binding (13). These studies, however, did not provide 

furtherr information on the localization of the DEA binding site on the receptor. 

Thereforee we studied the effect of naturally occurring and artificial mutations in 

TR/5-ii that were known to decrease T3 affinity. The results of these studies 

demonstratedd that amino acids E457 and R429 are at or near the DEA binding 

sitee on the receptor (4). Since these residues may be involved in co-activator 

(E457)) (14) or co-repressor (R429) (15, 16) interaction, this finding led us to 

hypothesizee a possible disruption of the TR/ï-i / co-activator interaction by DEA. 

Thee aim of the present study was to verify this hypothesis by studying the 

influencee of DEA on the T3-dependent binding of co-activator GRIP-1 to 

hTR/ÏL L 
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7.3.. Materials and Methods 

7.3.A.. Chemicals 

T33 was obtained from Henning (Berlin, Germany). DEA from Sanofi Recherch 

(Montpellier,, France) was used as a 10"2 M stock solution in ethanol. 

7.3.B.. Protein expression 

Co-activatorr GRIP-1 was expressed as a glutathione-S-transferase (GST)-

GRIP-1-nuclearr receptor interacting domain (NID) fusion protein containing the 

NIDD of the co-activator GRIP-1 attached to GST. This fusion protein was 

expressedd in E.coli as described previously (17). 

TR/ïïï (amino acids 153-461) was cloned with a hemagglutinin epitope-tag (HA-

TR/300 at the N-terminus, which did not interfere with the hormone-binding 

domainn at the C-terminus. The HA-TR/^ expressed in E.coli and isolated as 

describedd before (17, 18). 

7.3.C.. Pull-down assay 

Too study the receptor co-activator interaction in the presence of DEA, we used 

aa recently developed non-radioactive 'pull-down' assay (18). In short, GST-

GRIP-1-NIDD bound to glutathione-Sepharose beads was resuspended in 

bindingg buffer (20 mM HEPES, pH 7.9; 80 mM KCI; 10 mM MgCI2; 10% 

glycerol;; 1 mM DTT; 0.1% NP-40; 0.1% Triton X-100; Complete (EDTA free) 

proteasee inhibitor (Roche)). HA-TR^rContaining lysate (8ul) was diluted to 20 

pii with binding buffer containing 20 ul/ml bovine serum albumine and 

preincubatedd with or without T3 and in the absence or presence of DEA for 30 

minn at 4  C. Thereafter GST-GRIP1-NID beads were added and the incubation 

continuedd for 90 min at 4  C whilst shaking. The samples were washed, dried 

andd resuspended in protein loading buffer containing 5 mM DTT. They were 

runn on a 10 % SDS-PAGE gel blotted onto PVDF membrane (Roche) using a 

transferr buffer without SDS and lowered methanol (15%). 

Forr detection of the HA-tag, the blot was incubated with a high affinity 

monoclonall anti-HA antibody conjugated with peroxidase (POD) (anti-HA 

3F10-POD).. Using Lumi-Light plus substrate (Roche) the chemiluminescent 

signall was detected and quantified using a Lumi-lmager (Roche). Average 

exposuree time was 2 min. 
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Too investigate whether DEA had an effect on this protein-protein interaction 

twoo sets of experiments were performed. First the dose effect of T3 was 

studiedd in the absence and presence of a constant amount of DEA. TR/3-i was 

preincubatedd with thyroid hormone (T3) over a concentration range of 3 x 1fJ10 

upp to 10"7 M T3 in the absence and presence of 10~5 M DEA. In the second set 

off experiments, the dose-dependent effect of DEA was studied. TR/3-i was 

preincubatedd with DEA over a concentration range of 10~6 up to 103 M DEA in 

thee absence of T3 and in the presence of 10"9 M and 10"7 M T3. 

1 1 

0MM DEA 

T , (10 -9 - >10 -7M ) ) 

%% ' 

11 2 3 4 5 6 7 

10-5MDEA A 

T3(10-9->10-7M ) ) 

99 10 11 12 13 14 15 

Fig.. 1a. Western blots of HA-TRfi-,. 
depictingg the dose-dependent effect 
off T3 on the binding of TR/3-i to 
GRIP-11 in the absence and 
presencee of 10"5 M DEA. Lane 1: 
10%% of HA-TR/3, input. Lanes 2-8: 
bindingg in the presence of 0; 
3x10"10;6x10'10;; 10"9; 3x10"9; 
33 x 10"8; 1CT7 M T3, respectively, in 
thee absence of DEA. Lanes 9-15: 
bindingg in the presence of 0; 
3x10-10;6x10~10;; 10~9;3x1Cr9; 
33 x 10"8; 10"7 M T3, respectively, in 
thee presence of 10"5 M DEA. HA-
TRfi,, was detected by anti-HA-POD 
andd chemiluminescent substrate. 

Fig.. 1b. Dose-response effect of T3 
onn the binding of TRG1 to GRIP-1 
inn the absence (closed circle) and 
presencee (closed triangle) of 
10"55 M DEA. Quantification and plot 
off the light units from Western blot 
(a),, measured by the Lumi Imager. 
Thee relative binding is the ratio of 
thee observed binding of TRB1 to 
GRIP-11 to the (maximal) binding at 
10"77 M T3 in the absence of DEA. 

100 0 

T3(nM) ) 
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7.4.. Results 

Thee results of the T3 dose effect experiments indicate a T3 dose-dependency 

off the binding of GRIP-1 to the TR^ , which was observed previously (19). The 

bindingg of GRIP-1 to the TR#i increased at higher T3 and was lower in the 

presencee of 10"5 M DEA at all T3 concentrations tested (Fig. 1a) (P< 0.0001; 

ANOVA,, two way with replication; n = 3). Individual points of the binding 

curvess differ significantly at 3x10"8 M (P<0.01; n = 5) and at 10~7 M 

(PP < 0.05; n = 4) (Fig. 1b). The HA-TR/^ protein binds T3 with wild type affinity 

(KD0.3x10"9M). . 

AA DEA dose-dependent effect of the binding of GRIP-1 to the TR#i was also 

observed.. In the absence of T3 the binding of GRIP-1 to T R ^ remains very 

loww at DEA concentrations up to 10"5 M (Fig. 2a); however, a 10-fold increase 

iss observed in the presence of 10"3 M DEA. It appears therefore that DEA acts 

ass an agonist with respect to the unoccupied TRfii. In the presence of 10"9 M 

T33 the DEA-induced increase in binding is less pronounced and significantly 

differentt from that obtained in the absence of T3 (P< 0.001; ANOVA, two-

factorr with replication; n = 4) (Fig. 2b). Interestingly, at 10"7 M T3, a reversal of 

thee dose-response pattern is seen and the binding curve differs significantly 

fromm the other two (P < 0.001; ANOVA, two-factor with replication; n = 4). At a 

T33 concentration of 10~7 M the highest binding of GRIP-1 to T R ^ is observed 

inn the absence of DEA, and the binding decreases in the presence of DEA in a 

dose-dependentt manner (Fig. 2a, 2b). 
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OMT, , 

DEA(10"6^10-3M) ) 

^m. ^m. 

1 22 3 4 5 

10 9 MT, , 

DEA(10"6->10-3M) ) 

99 10 11 12 13 

10-7MT, , 

DEA(10-5->-10-3M) ) 

144 15 16 17 18 19 20 21 1 

DEA(uM) ) 

Fig.. 2. a: Western blots of HA-TR/^, depicting the dose-dependent effect of DEA on the binding of 
TR8,, to GRIP-1 in the presence of 0, 10~9 or 10"7 M T3. Lanes 1-6: binding in the absence of T3 

andd in the presence of 0; 10"6; 5 x 10"6; 10"5; 104; 10~3 M DEA, respectively. Lanes 7-13: binding in 
thee presence of 10"9 M T3 and in the presence of 0; 10"6; 5 x 10"6; 10"5; 5 x 10"5; 10"4; 10"3 M DEA, 
respectively.respectively. Lanes 14-20: binding in the presence of 10~7 M T3 and in the presence of 0; 10"6; 
55 x 10"6; 10"5; 5 x 10"5; 10"4; 10"3 M DEA, respectively. Lane 21: 10% of HA-TRd input. 

Figg 2. b: Dose-response effect of DEA on the binding of TRd to GRIP-1 in the absence of T3 

{closed{closed triangle) and in the presence of 10"9 M T3 (open square) and 10"7 M T3 {closed circle). 
Quantificationn and plot of the light units from Western blot (a), Measured by Lumi Imager. The light 
unitss are expressed as BLUs (Boehringer Light Units). The crossing of the lines at high and low T3 

concentrationn is indicative for partial antagonism. 
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7.5.. Discussion 

Fromm the above results we conclude that DEA can act as a partial antagonist: 

thee actual mode of action depends on the ambient T3 concentration. This 

phenomenonn can be explained from the noncompetitive nature of the inhibition 

off T3 binding to TR/^ by DEA. This noncompetitiveness allows the formation of 

bothh the complexes DEA / TR^ and DEA / T3/ TR^ , since the binding sites of 

T33 and DEA are not the same. Only in the case of DEAnyTR^ will there be 

antagonism,, i.e. there must be some T3 present for DEA to act as an 

antagonist. . 

Inn order to relate these in vitro findings to the in vivo situation, T3 and DEA 

concentrationss in our experiments must be compared with tissue levels in vivo. 

Inn human serum, T3 values are in the order of 10"9 M and DEA levels in the 

orderr of 2 x 10~6 M (20) in patients on long-term amiodarone treatment. Rat 

liverr T3 and DEA levels are reported to be about 10~8 mol/kg (11) and 1.2 x 10~5 

mol/kgg (21) respectively. In human liver, DEA concentration can reach 4 x 10"3 

mol/kgg (22). A thousand times higher DEA concentration in liver and other 

tissuess compared to T3, is therefore possible. The actual intracellular T3 and 

DEAA levels are not known, but taking into account the above-mentioned serum 

andd tissue concentrations, our in vitro model may well represent the in vivo 

situationn in the human cell. DEA is a very lypophilic drug and accumulates 

substantiallyy in tissues during amiodarone treatment. The drug also inhibits T4-

5'-deiodinationn into T3 resulting in a substantial decrease of intracellular T3 

levelss and lower TR occupancy (11). At a "normal" receptor occupancy of 

aboutt 50 %, the effect of DEA will be limited. However, at higher DEA 

concentrationss and especially in the case of a decreased T3 occupancy of the 

bindingg sites, DEA will act as an antagonist, resulting in lower co-activator 

binding. . 

Simplified,, T3-dependent gene regulation can be seen as an on/off switch (with 

orr without ligand), whereas in the fine-tuning of this process many other 

proteinss are involved. This complex regulation system thus forms a balance 

betweenn hormone, receptor, co-activators, co-repressors and other proteins 

involvedd in the transcription machinery. DEA interferes in this balance in three 

ways.. First, by inhibiting deiodination of T4 to T3 in the liver (11). Second, by a 
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noncompetitivee inhibition of the binding of T3 to the T R ^ (3). And third, by 

disruptingg the binding of co-activator GRIP-1 to the T R ^ (this study). 

Overalll we postulate that not amiodarone itself, but its stable major metabolite 

DEAA interferes with T3-dependent gene expression (23) by interfering with the 

bindingg of T3 to the TR and disrupting the co-activator / TR binding. This 

mechanismm of action would explain the T3 antagonistic effects of DEA 

observedd in patients on long-term amiodarone treatment. 
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Dronn is a TRd selective antagonist 

8.1.. Abstract 

Dronedaronee (Dron), without iodine, was developed as an alternative to the 

iodine-containingg antiarrhythmic drug amiodarone (AM). AM acts, via its major 

metabolitee desethylamiodarone (DEA), in vitro and in vivo as a thyroid 

hormonee receptor o^ (TRa^) and TR/^ antagonist. Here we investigate 

whetherr Dron and/or its metabolite debutyldronedarone inhibit T3 binding to 

TRoii and TRfi-i in vitro and whether dronedarone behaves similarly to 

amiodaroneamiodarone in vivo. 

InIn vitro, Dron had an inhibitory effect of 14% on the binding of T3 to TRo^ but 

nott on TRfiv Desethylamiodarone inhibited T3 binding to TR^ and TR/^ 

equally.. Debutyldronedarone inhibited T3 binding to TRcr, by 77%, but to TR/i^ 

onlyy by 25%. 

InIn vivo, AM increased plasma TSH and rT3, and decreased T3. Dron 

decreasedd T4 and T3, rT3 did not change, and TSH fell slightly. Plasma total 

cholesteroll was increased by AM but remained unchanged in Dron-treated 

animals.. TRCrdependent liver low density lipoprotein receptor protein and 

typee 1 deiodinase activities decreased in AM-treated, but not in Dron-treated 

animals.. TRc^-mediated lengthening of the QTc interval was present in both 

thee AM- and Dron-treated animals. 

Thee in vitro and in vivo findings suggest that dronedarone via its metabolite 

debutyldronedaronee acts as a TRcr-p selective inhibitor. 
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8.2.. Introduction 

Dronedaronee [n-(2-butyl-3-(4-(3-dibutylaminopropoxy)-benzoyl)-benzofuran-5-

yl)-methanesulfonamide;; SR 33589 B; Dron; Fig. 1] is a new antiarrhythmic 

drugg devoid of iodine, developed to replace the widely used, very potent, 

antiarrhythmicc drug amiodarone (AM; Fig. 1), which releases pharmacological 

quantitiess of iodine during its biotransformation. Consequently, treatment with 

AMM gives rise to iodine-induced hypothyroidism or thyrotoxicosis in 

approximatelyy 15 % of patients (1). Apart from the effect of iodine excess on 

thee thyroid gland induced by AM, it profoundly affects extrathyroidal 

metabolismm of thyroid hormones. AM decreases the 5'-deiodination of T4 into 

T33 in the liver, mediated by inhibition of cellular T4 uptake. The main metabolite 

off AM, desethylamiodarone (DEA; Fig. 1) was found to inhibit the binding of T3 

too its nuclear receptors. Indeed, AM treatment causes a dose-dependent 

decreasee in the expression of several T3 -dependent genes. For instance, the 

AM-inducedd increase in plasma low-density lipoprotein (LDL) cholesterol is 

explainedd by a decrease in the hepatic expression of the LDL receptor gene at 

bothh the mRNA and protein levels (2,3). Interestingly, the type of inhibition 

differss for a r and /^-thyroid hormone receptors (TRo, and TR/3i, 

respectively).. DEA is a competitive inhibitor of T3 binding to TRcr-i (4), whereas 

itt is a noncompetitive inhibitor of T3 binding to TR/^ (5). Protein-protein binding 

studiess with the hTR^ and the co-activator glucocorticoid receptor interacting 

proteinn (GRIP-1) showed an inhibitory effect of DEA on the T3 dependent 

bindingg of the co-activator to the TR/3-i (6). This mechanism of action further 

supportss the idea that DEA has a T3 antagonistic effect. It is thus of much 

interestt to evaluate whether the new related drug, Dron, has the same effect 

ass AM on extrathyroidal hormone metabolism and T3 receptor binding. Dron is 

noww under active study intended to determine its usefulness in patients with 

cardiacc arrhythmias (7). The aim of the present study was to investigate a 

putativee inhibitory effect of Dron and its metabolite debutyldronedarone 

(DBDron),, on the binding of T3 to TRar and TR/^. To this end we performed 

inin vitro binding studies with expressed TRar! and TRIi^ proteins and in vivo 

studiess in rats where we concentrated on a number of post receptor effects 

mediatedd by TRc^ and TRÖ^ In both studies we compared the effect of Dron 

withh that of AM. 
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8.3.. Materials and methods 

1-125, , 

8.3.A.. Materials 

Nonradioactivee T3 was obtained from Henning (Berlin, Germany). ['"I]T3 

(specificc activity, 2200 Ci/mmol) was purchased from NEN Life Science 

Productss (Boston, MA). Dron, DBDron, AM and DEA were gifts from Sanofi 

Pharmaceuticals,, Inc.-Synthélabo (Montpellier, France). The goat polyclonal 

LDLL receptor (LDL-r; C20) IgG (sc-11824, lot J161) was obtained from Santa 

Cruzz Biotechnology, Inc. (San Diego, CA). All reagents were of the highest 

gradee possible. 

(CH2)2 2 

Amiodarone e 
(L3428) ) 

C 4 H 9 9 I44 9 

• — N ^ ^ (CH2)33 "C4H9 

Dronedarone e 
(SR33589B) ) 

-(CHA, , 

Desethylamiodarone e 
(LB33020) ) 

? 4H 9 9 

.(CHj)3 3 

Debutyldronedarone e 
(SR35021) ) 

FIG.. 1. Chemical structures of AM and Dron (fop) and their metabolites DEA and DBDron 
(bottom). (bottom). 

8.3.B.. In vitro receptor binding assay 

Thee chicken ai (amino acids 1-408) and the human B, (amino acids 153-461) 

TRss were expressed in Escherichia coli, isolated as described previously (8,9), 

andd stored in incubation buffer [20 mM Tris-HCI, 0.25 mM sucrose, 1mM 

EDTA,, 50 mM NaCI, and 5% (vol/vol) glycerol, pH 7.6] containing 5mM 

dithiothreitoll (DTT) in liquid nitrogen. Receptor proteins were thawed on ice 

(20-25|igg protein /tube) and were incubated with [125I]T3 (10"11 M) for 30 min at 

CC in a shaking water bath in incubation buffer with 5 mM DTT, 0.025% 

Tritonn X-100, 0.05% BSA and 1% ethanol (vol/vol). The total incubation 

volumee was 0.5 ml. Reactions were stopped by chilling on ice water. Bound 

andd unbound [125l] T3 were separated at C using a small Sephadex G-25 

mediumm column (bed volume, 2 ml; swollen in incubation buffer with 0.05% 
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BSA)) in a Pasteur pipette. Four 0.8-ml fractions, containing the bound 

hormonee fraction, were collected using incubation buffer as eluent. Specific 

bindingg was determined by calculating the difference between the counts 

boundd in the absence and presence of an excess (107 M) of nonradioactive 

T3.. All incubations were performed in duplicate. 

Thee potency of Dron, DBDron and DEA to inhibit the binding of T3 to TRcri and 

TR/^^ was tested over a concentration range of 10-100 u.M. The compounds 

solubilisedd in a stock solution of 10~2M in ethanol, were incubated with receptor 

proteinss in the presence of [125I]T3 as described above. In all tubes the final 

ethanoll concentration was 1% (vol/vol). Binding is expressed as the 

percentagee of specifically bound [125I]T3 in the absence of the compounds. In 

eachh experiment the effect on T3 binding to TRa, and T R ^ was assayed 

simultaneously. . 

Scatchardd analyses were performed with DBDron to investigate the type of 

inhibition.. TRcr, or T R ^ proteins in the presence of [125I]T3 were incubated with 

increasingg amounts of nonradioactive T3 (1x10"10 to 33x10"10M) in the absence 

orr presence of DBDron (0, 25, and 50 uJvl). Changes in maximum binding 

capacityy (MBC) and Ka as a function of DBDron concentration were tested by 

one-wayy ANOVA. 

Langmuirr plots were prepared from the data of the Scatchard analyses. To 

delineatee the type of inhibition, we analysed the data by one-way ANOVA to 

determinee whether the intercepts on the y-axis differed significantly among the 

variouss drug concentrations. Evidence for competitive inhibition is one 

interceptt on the y-axis and dose-dependent increasing intercepts on the x-

axis,, whereas noncompetitive inhibition is characterized by one intercept on 

thee x-axis and dose-dependent increasing intercepts on the y-axis. 

8.3.C.. In vivo studies 

Malee Wistar rats (220-260 g), housed under normal conditions with free 

accesss to standard laboratory chow and tap water, were divided into four 

groupss (eight rats per group). They received water (controls), an aqueous 

suspensionn of 50 mg/kg body weight Dron (Dron50), 100 mg/kg body weight 

Dronn (Dron100), or 100 mg/kg body weight AM (AM100) by gastric tube daily 

forr 2 wk. Twenty-four hours after the last administration, electrocardiographs 

(ECGs)) were made. During ECG recording, body temperature was kept 
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constantt ) by a custom-made, water-heated, warming pad and 

monitoredd by a rectal probe (Ellab, Roedovre, Denmark). Rats were kept 

underr anaesthesia and could freely breathe under 100% oxygen-

supplementedd air (0.2 litre/min) via a cone (density.0.7 mm) 1 cm from their 

nose.. AgCl-coated silver needles were used to record ECG (Einthoven lead I). 

Outputt signals were amplified by a custom-made amplifier, sampled at 1 kHz 

(Dataa Acquisition Card AT-MIO-16E-10, National Instruments, Austin, TX, 

USA),, band pass-filtered at 100 Hz-50 Hz direct current, and analysed using 

AcqKnowlegdee software version 3.2.6 (MP 100 Manager, Biopac Systems, 

Inc.,, Santa Barbara, CA, USA). Thereafter, blood was collected by cardiac 

puncture,, and plasma was stored at . The liver was removed and stored 

inn liquid nitrogen. All animal experiments were approved by our local animal 

welfaree committee. 

8.3.D.. Plasma assays 

Plasmaa cholesterol and triglycerides were determined by using a fully 

enzymaticc dye method (Modular P analyser, Roche Molecular Biochemicals, 

Mannheim,, Germany). Quantification of plasma LDL cholesterol and high 

densityy lipoprotein (HDL) cholesterol were carried out by precipitation as 

describedd previously (3). Total T4, total T3 and rT3 were measured by in-house 

RIAss (10), using rat null plasma as diluent. Free T4 (FT4) and TSH were 

determinedd by Delfia fluoroimmunoassay (PerkinElmer, Wallac Inc., Freiburg 

Germany).. FT4 and FT3 indexes were calculated as the product of the total T4 

orr total T3, respectively, and T3 resin uptake. The latter was determined using 

thee Immulite chemiluminescent immunoassay T3 uptake kit (Diagnostic 

Products,, Los Angeles, CA, USA). All samples were measured within one run. 

Dataa are expressed as mean  SD. Differences between the thyroid hormone 

parameterss were tested using t test, differences between the lipid parameters 

weree tested by Mann-Whitney rank-sum test. 

8.3.E.. LDL-r protein expression and type 1 deiodinase (D1) activity in 

liver r 

Liverr whole cell extracts were prepared in homogenisation buffer [10 mM 

HEPES,, 10% glycerol, 0.25 M sucrose, 25 mM KCI, 1 mM EDTA, 5 mM DTT, 

andd protein inhibitor mix (Complete, Roche Molecular Biochemicals), pH 7.6]. 
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Thirty-fivee micrograms of protein were applied to a 7.5% SDS-PAGE gel, 

transferredd to PVDF membrane using a wet electro blotting apparatus, and 

probedd with a specific LDL-r goat polyclonal antibody (diluted 1:1000). A 

polyclonall rabbit antigoat horseradish peroxidase-conjugated secondary 

antibodyy (DAKO Corp., Copenhagen, Denmark; diluted 1:3000) was used to 

reveall primary antibody binding using the Western Light kit and Lumi-lmager 

softwaree ( Roche Molecular Biochemicals). D1 activity in liver was measured 

ass previously described (11). 

Valuess are expressed as the mean  SD. Differences were determined by t 

test. . 

8.4.. Results 

8.4.A.. In vitro studies: Inhibitory potencies of Dron, DBDron and DEA 

Thee inhibitory effects of 10, 25, 50 and 100 |uM DEA, Dron and DBDron, 

respectively,, on T3 binding to both TRcri and TRd are presented in FIG. 2A 

andd 2B. Dron at 100 jiM showed a slight, but significant, inhibition of 14  3% 

(PP < 0.01) of T3 binding to TRcr1f but no inhibition of the binding of T3 to TR/J^ 

Forr the metabolites DEA and DBDron, a dose-dependent inhibition of T3 

bindingg to both receptor isoforms was observed. DEA at 100 [iM inhibited the 

bindingg of T3 to the TRc^ by 94  3 % (P < 0.01) and that to T R ^ by 82  4% 

(P<< 0.01) compared with that when no DEA was present. DBDron at 100 u,M 

stronglyy inhibited the binding of T3 to TRcr, by 77  3 % (P< 0.01) but that to 

thee TRÖT by only 25  4 % (P< 0.01) compared with no DBDron (by Mann-

Whitneyy nonparametric rank-sum test, values are mean  SEM ; n = 5). DEA 

concentrationss causing 50% inhibition of T3 binding (IC50 values) were 30  4 

andd 71  3 utvl for the TR^ and TRflu respectively (Table 1), in good 

accordancee with earlier studies (4,9). The IC50 values of DBDron were 59  4 

andd 280  30 uM (Table 1) forTRah and T R ^ respectively. 
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TABLEE 1. Concentrations required for 50 % inhibition of binding of [125I]T3 to the TRd and TRBi 
byy DEA and DBDron 

IC500 values (JJM) 

P P 
DEAA DBDron 

TRcr,, 30 4 59 4 < 0.01 

TR/3,, 71  3 280 0 < 0.01 

PP <0.01 <0.01 

Valuess are the mean  SEM (n = 5). P values were determined by paired f test. 

00 10 100 0 10 100 

uMM compound uM compound 

FIG.. 2. Inhibition of the in vitro binding of [125I]T3 to the TRcr, (A) or TRfi, (B) by DEA (squares), 
Dronn (triangles) and DBDron (circles). Values are given as mean  SD (n = 5) and are expressed 
ass the percentage of specifically bound [125I]T3 in the absence of the compounds. 

8.4.B.. In vitro studies: Type of inhibition of DBDron 

AA representative Scatchard plot and Langmuir analysis of the effect of DBDron 

onn TRcfi are depicted in Fig. 3. The MBC of TRoi was not affected by DBDron 

(PP = 0.21), but the affinity constant (Ka) of T3 binding was decreased in a dose-

dependentt manner (P<0.01), as shown in Table 2. Langmuir analyses 

confirmedd the competitive nature of the inhibition of binding of T3 to TRc^ by 

DBDron.. The intercept on the y-axis did not change from 0 - 50 n.M DBDron 

(P== 0.25), whereas the intercept on the x-axis increased in a dose-dependent 

wayy (P< 0.03). 
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Thee results of Scatchard analysis of DBDron incubated with TRd are also 

presentedd in Table 2. The inhibitory effect of DBDron on TRfii, however, was 

tooo low to perform reliable kinetic studies. MBC values did not show a dose-

dependentt relation (P = 0.82) with DBDron concentration, and the Ka values 

didd not decrease dose-dependently (P = 0.34). 

TABLEE 2. Characteristics of inhibition of binding of T3 to TRcti and TR/3, by DBDron as evident 
fromm Scatchard plots 

Scatchardd plots MBC C 
(10"10M/litre) ) 

Ka a 

(10ss litres/M) 

TRot, , 

00 /JM DBDRON 

255 tm DBDRON 

500 /JM DBDRON 

1.533 5 

1.344 2 

1.366 5 

0.288 5 

0.255 3 

0.199 1 

P P 

TRfi, , 

00 /JM DBDRON 

255 /JM DBDRON 

500 /vM DBDRON 

0.21 1 

2.344  0.50 

1.899 3 

2.088 0 

<0.01 1 

0.155 1 

0.155 1 

0.144 1 

0.82 2 0.34 4 

Valuess are the mean  SEM TRcrl, n = 9; TR/31, n = 7. P values were determined by one-way 
ANOVA. . 

0.22 0.4 0.6 O.i 

T33 bound 

11 2 -0.11 0 0.1 

1/T33 present 

FIG.. 3. Scatchard analyses (A) and Langmuir plot (B) of the binding of T3 to TRa, in the absence 
(circles)(circles) or presence of DBDron 10(jM (squares) and 25 |iM (triangles). 
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8.4.C.. In vivo studies: rat plasma parameters 

Bodyy weights were similar in the four groups at baseline. In the Dron 100 group 

twoo rats died before the end of the study due to breathing problems. The gain 

inn body weight during the experiment was lower in the Dron- and AM- treated 

animalss than in controls (Table 3). 

Plasmaa T3 and FT3 index in the Dron50, DronlOO, and AM 100 groups were 

lowerr than control values. Plasma rT3 and TSH were significantly higher in the 

AM1000 group relative to control values. Plasma FT4 did not differ among 

groups,, but T4 and FT4 index were lower in the DronlOO group than in controls 

(Tablee 3). 

Totall plasma cholesterol was not affected in the Dron50 and DronlOO groups 

comparedd with controls, nor were LDL cholesterol and HDL cholesterol 

affectedd by Dron. However, total cholesterol, LDL cholesterol, and HDL 

cholesteroll increased in the AM group (Table 3). 

TABLEE 3. Effect of Dron or AM treatment in rats on ABW, plasma thyroid hormones, and plasma 
lipids s 

Controlss (n = 8) Dron 50 (n = 8) Dron 100 (n = 6) AM 100 (n = 8) 

ABW(g)) 87(63-93) 70 (50-90)a 65 (-25-75)b 62(51-75)b 

TSH(ng/m!)) 1.02 4 1.05 4 0.87  0.36c b 

T44 (nmol/litre) 74  9.6 62  13 57  12d 72  15 

FT44 index 115 5 97 0 d 113 3 

FT44 (pmol/litre) 39.5  7.3 33.4 1 33.7 1 40.8  9.0 

T33 (nmol/litre) 0 1.17 d b b 

FT3indexx 2.21 6 b b b 

rT33 (nmol/litre) 0.10 1 0.09  0.02 0.10 1 b 

Totall chol (mmol/litre) 2.05 8 1.86  0.25 1.81  0.50 2.27  0.29b 

LDL-choll (mmol/litre) 0.93 5 0.95 3 0.86  0.37 e 

HDL-choll (mmol/litre) 0.96 0 0.85 8 1.05 1 a 

Heartt rate (bpm) 382  35 365  26 390 6 351  23a 

QTcc interval (msec) 3 f a 0.141 a 

Valuess are the mean  SD, A BW, The difference between d 1 and d 15 body weights (median and 
range). . 
aPP < 0.05 vs. controls; bP < 0.01 vs. controls; CP = 0.1 vs. controls; dP < 0.02 vs. controls; eP = 0.07 
vs.vs. controls; fP = 0.055 vs. controls 
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8.4.D.. In vivo studies: post receptor effects in rat heart and liver 

Heartt rate, expressed as beats per minute, was not different among the 

groups.. However, QTc intervals showed a dose-dependent prolongation in 

bothh Dron- and AM-treated groups (Table 4). 

D11 activity was not changed in both Dron-treated groups, but decreased by 70 

%% in the AM100 group (P< 0.0001; Fig. 4). LDL-r protein levels in both Dron-

treatedd groups did not differ from the LDL-r protein levels in the livers of control 

animals.. However, in the AM 100 group LDL-r protein expression was 

decreasedd (P < 0.004); Fig. 4). 

8.5.. Discussion 

8.5.A.. In vitro studies 

Fromm our results it is clear that Dron itself has only a slight inhibitory effect on 

thee binding of T3 to TRcr, and has no effect on T3 binding to TR/^. In contrast, 

thee metabolite DBDron was a very potent inhibitor of T3 binding to TRa, but a 

weakk inhibitor of T3 binding to TRflv Dron and DBDron are, like AM and DEA, 

strongg lypophilic compounds, not easily dissolved in an aqueous environment. 

Too keep the compounds in solution, we added 0.025% Triton X-100 to the 

assayy buffer, which has no effect on affinity (12). The solubility of Dron and 

DBDronn was tested at OD40o- No opacity (precipitation) was observed at 

concentrationss up to 100 uM, but OD400 rose in an exponential manner at 

higherr concentrations. The IC50 value of DBDron with respect to TR81 could 

thereforee not be measured directly, but was estimated by extrapolation from 

thee dose-response curve. It appears that the inhibitory effect of DBDron is 

aboutt 4.7 times greater for T3 binding to TRcr, than to TR^ . From the 

Scatchardd plots and Langmuir analysis it is evident that the inhibitory effect of 

DBDronn on T3 binding to TRo^ is competitive in nature. We were unable to 

obtainn reliable data on the type of inhibition by DBDron to T R ^ because we 

couldd not add sufficient amounts of DBDron to reach concentrations around 

thee IC50 value of 280 u.M, as the drug came out of solution at concentrations of 

approximatelyy 100 u.M. 
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Thee effect of Dron is similar to that of AM in so far that not the parent drug, but 

itss metabolites DBDron and DEA, respectively, are the potent inhibitors of T3 

bindingg to the TR. Although DBDron is less potent than DEA in this respect by 

aa factor 2 for TRa^ and 4 for T R ^ the two metabolites differ markedly from 

eachh other in that DBDron inhibits T3 binding to TRa, but much less to TRfi1( 

whereass DEA clearly inhibits T3 binding to both TRo^ and TR/^ within the 

samee order of magnitude. 

Thee quantitative differences between DEA and DBDron with respect to 

inhibitingg T3 binding to TRo^ and TRI$^ are most likely the result of differences 

inn structures between the two compounds and/or between the two receptors. 

Thee ligand binding domain of the cTRai and hTRiSi are 89% homologous. The 

differencess in the amino acid sequences between cTRcri and hTRf^ are 

mainlyy located in strand 3/helix 3, in strand 7/helix 7 and in helix 10. Studying 

thee three-dimensional structure of the hTR/^ (PDB Id: 1BSX, studied using 

Cn3DD v. 3.0 via the NCBI website), it becomes apparent that some of the 

differencess between TRc^ and TR/^ in helix 10 are on the same surface side 

off the receptor as amino acids R429 and E457, which we demonstrated in 

earlierr studies (9) to be involved in DEA interaction to TRfi^ These differences 

inn amino acid sequences can lead to subtle changes in the three-dimensional 

structuree for TRoi compared with TR/^. The chemical structures of DEA and 

DBDronn (Fig. 1) have great similarity, but there are some important 

differences.. DEA has two bulky iodine atoms, which DBDron has not. The 

aminoo side-chain of DBDron is longer and has a butyl group instead of an ethyl 

group.. It is possible that the extra methanesulfonamide group in the DBDron 

molecule,, which carries a positive charge, is of importance in explaining the 

decreasedd affinity to T R ^ compared with TRcri. 

Thee competitive nature suggests competition between T3 and DEA or DBDron 

att the same binding site on the TRov However, it is also possible that T3 and 

DEAA or DBDron do not bind in the same binding pocket, but that the binding of 

DEAA or DBDron to the receptor will change the structure of the TRa^ binding 

pockett in such a way that T3 can no longer bind to TRc^ . This conformational 

changee could in vivo result in a reduction of the available binding sites for T3 

bindingg on the TRa-i in tissues when DEA or DBDron is bound. The binding of 

T33 and DEA or DBDron to the TRs is a reversible process, and its equilibrium 

iss dependent on the concentrations of the compounds present. When the 
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concentrationss of DEA or DBDron in tissue rises because of the accumulation 

off the drug metabolites, the binding of T3 to the TRs will decrease, resulting in 

aa decrease in T3-dependent gene expression. 

8.5.B.. In vivo studies 

Thee in vitro data suggest that DBDron could act as a selective antagonist to 

TRor-i.. Such an effect in vivo would require tissue concentrations of DBDron 

remainingg below the IC50 value of 280 |uM. In dogs treated orally with Dron (20 

mg/kg.d)) for 4 wk, the myocardial content of Dron is 23 |imol/kg and that of 

DBDronn 6 umol/kg (13). In the same study dogs treated with AM (40 mg/kg.d) 

forr 4 wk had myocardial concentrations of 28 umol/kg AM and 21 umol/kg 

DEA.. Dron and DBDron concentrations in human tissues are not known, but 

AMM and DEA concentrations are 62 and 274 umol/kg, respectively, in human 

heartss obtained from autopsies (14). The human tissue concentrations are 

higherr than in the dog studies, probably related to the accumulation of AM and 

DEAA in tissues upon long-term treatment of patients with AM. The DEA 

concentrationss in the human heart are much higher than the IC50 values of 

DEAA for TRc*! and TR/^ and allow for an antagonistic effect in vivo on T3-

dependentt gene expression mediated via both receptor isoforms. The few 

availablee data on DBDron content in the heart are compatible with the idea 

thatt DBDron concentrations will not be sufficiently high to exert an antagonistic 

effectt on TR/3i, but will allow antagonism to TRcti. If so, this could be of clinical 

relevance.. The heart has an abundance of TRat relative to TR/3<|, whereas 

tissuess such as the liver express T R ^ more abundantly than TRcr-i (15). AM 

andd Dron have similar electrophysiological effects on the heart (13,16-18), and 

theirr antiarrhythmic effect might well be mediated at least partly via TRe^ by 

inducingg a local hypothyroid-like condition (19). One of the side-effects of AM 

iss an increase in plasma cholesterol caused by a down-regulation of the T3-

dependentt LDL-r gene in the liver (2,3). 

Becausee of the higher affinity of DBDron to TRc^, we hypothesized that the 

effectt of Dron on heart rate and QTc interval would be similar to that of AM, 

butt that Dron, in contrast to AM, will not cause hypercholesterolemia and 

changess in the liver LDL-r expression, as T3-induced changes in cholesterol 

metabolismm are mainly mediated via TR/^ (20). 
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TABLEE 4. Effect of Dron or AM treatment in rats on heart rate, QTc intervals, liver D1 activity and 
LDL-rr protein expression, compared with controls 

Dron n AM M 

TRcrrmediatedd effects 

Heartt rate 

QTcc interval 

TR/Srmediatedd effects 
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A,, Levels of LDL-r protein in livers of control 
ratss (control) and rats treated with Dron (50 or 
1000 mg/kg body weight) or AM (100 mg/kg 
bodyy weight). LDL-r protein was visualized 
usingg Western blotting with a specific 
polyclonall antibody, and signals were 
quantifiedd using a Lumi-lmager. Data are 
expressedd as the mean  SD, *, P < 0.004. 

B,, Activity of D1 in livers of control rats 
(control)) and rats treated with Dron (50 or 100 
mg/kgg body weight) or AM (100 mg/kg body 
weight).. D1 activity was measured as 
describedd in Materials and Methods. Data are 
expressedd as the mean  SD, **, P < 0.0001. 

Dron500 Dron100 Am100 

FIG.. 4. Effect of Dron and AM on LDL-r protein expression and D1 activity in rat liver. 

Ourr in vivo experiments support this hypothesis. First, Dron and AM had 

differentiall effects on thyroid hormone metabolism. AM, but not Dron, caused a 

decreasee in the activity of liver D1, the enzyme responsible for the generation 

off T3 from T4 and the degradation of rT3 into 3,3'-diiodothyronine. As the liver is 

thee main site for production of T3 and the degradation of rT3, the decrease in 

plasmaa T3 and the increase in plasma rT3upon AM treatment are explained by 
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thee fall in liver D1 activity in agreement with previous studies (Ref.21 and 

referencess therein). The gene encoding D1 is under thyroid hormone control, 

ann effect mainly mediated via JR/l^ (22). The absence of an effect of Dron on 

liverr D1 activity could thus be taken as evidence in favour of Dron not 

interferingg with T3 binding to TR/^, but the available evidence suggests 

anotherr mechanism. AM treatment is not associated with a fall in liver D1 

mRNAA (Refs.2 and 21 and references therein), but the decrease in liver D1 

activityy is due to less availability of the substrate T4 caused by inhibition of 

cellularr T4 uptake and direct inhibition of D1 by amiodarone (21), which 

frequentlyy results in higher T4 and FT4 levels. 

Dronn treatment tends to decrease plasma TSH, whereas AM, in contrast, gives 

risee to higher TSH levels. The TSH increase by AM is explained by the iodine 

excesss generated by the drug, as has been reported previously (Ref.1 and 

referencess therein). Dron treatment is associated with a decrease in total and 

freee T4 and T3 concentrations. The decreases in T4 and T3 cannot be explained 

fromm changes in plasma thyroid hormone-binding proteins, because the T3 

uptakee measurements in plasma remained unchanged, nor from changes 

relatedd to nonthyroidal illness, because plasma rT3 remained unaltered. 

Althoughh an effect of diminished food intake cannot be excluded, the lower T4 

andd T3 production by the thyroid gland might be the result of diminished TSH 

secretion. . 

TSHH secretion is under negative thyroid hormone control, an effect mediated 

mainlymainly by T R ^ , but the pituitary thyrotrophs also contain TRc^ (23-25). In 

TRa/"" mice, lower plasma TSH levels are observed as a result of a decreased 

expressionn of the TSHoc-subunit (26). Therefore, our in vivo data showing 

decreasedd T4 and T3 levels and slightly lower TSH in Dron-treated rats might 

bee interpreted as resulting from a TRa-i-selective inhibition of T3 binding by 

Dron. . 

Secondly,, we observed a lengthening of the QTc interval in rats treated with 

eitherr AM or Dron, a typical effect of class III antiarrhythmic drug. It has been 

suggestedd in the case of AM that part of this increase can be explained by its 

inhibitionn of the binding of T3 to TR in the heart (19). Recently, it was shown 

thatt the TRoh is the isoform involved in setting the heart rate (15, 26). Deleting 

TRchh not only lowers the heart rate, but also increases the QTc interval. This 

fitss with our data for Dron and AM. When we combine the results of our in vitro 
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andd in vivo studies, the lengthening of the QTc interval would be the result of a 

selectivee inhibition of T3 binding to the TRoi in the heart. 

Thirdly,, we did not observe a change in plasma cholesterol or liver LDL-r 

expressionn in rats treated with Dron. AM-induced hypercholesterolemia cannot 

bee explained by the rise in TSH, because even higher TSH levels in mildly 

hypothyroidd animals do not result in an increase in plasma cholesterol (2). The 

increasee in plasma cholesterol by AM, which acts on both TROi and TR/S1( can 

bee explained by a decreased expression of LDL-r in the liver at both mRNA 

andd protein levels (3). It has recently become clear that most of the regulation 

off cholesterol metabolism and LDL receptor expression in liver is T R ^ 

dependentt (20). Thus, the lack of effect of Dron on plasma cholesterol and 

LDL-rr expression can be explained by our in vitro data showing that Dron is a 

TRai-selectivee inhibitor. 

Inn conclusion, the in vitro and in vivo data presented in this paper indicate that 

Dron,, via its metabolite DBDron, is a TRarselective inhibitor of T3 binding to 

itss receptor. This isoform selectivity can explain the effects of Dron on the 

heartt (a mainly TRah organ) and the lack of effect on the liver (a mainly TR/^ 

organ)) (Table 4) and may also point the way to designing TR isoform-specific 

antagonists. . 
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9.1.. Inhibition by amiodarone of the binding of T3 to TRs 

Thee in vitro effect of the lypophilic compounds AM and DEA on the binding of 

T33 to its nuclear receptors has generated several conflicting reports. These 

discrepanciess are probably due to the fact that AM and DEA are easily 

dissolvedd in ethanol, but come out of solution in the aqueous environment of 

thee incubation buffer. To keep AM and DEA in solution different lypophilic 

solventss have been used like benzyl alcohol, ethanol, propanol, Tween 80 and 

Tritonn X-100 (Table 1). Strong inhibition by AM was reported by Franklyn (1), 

Normann (2), Wilson (3) and Drvota (4), but from our study (5) it became 

evidentt that the inhibitory effect by AM reported in the first two papers (1;2) 

wass not due to AM, but to the inhibitory effect of benzyl alcohol and Tween 80 

itself.. Wilson (3) used a two-phase incubation system with 50% propanol/water 

(v/v)) in which AM came out of solution upon dilution, resulting in non-reliable 

measurements.. The cause of the strong inhibition by AM described in the 

studyy of Drvota is still unclear (4). 

Tablee 1. Reported discrepancies on the in vitro inhibitory effect of AM on the binding of T3 to TR, 
ass explained from the applied solvent in the incubation medium 

Year r 

1985 5 

1985 5 

1987 7 

1988 8 

1989 9 

1989 9 

1993 3 

1994 4 

1994 4 

1995 5 

Author r 

Franklynn (1) 

Eill (62) 

Lathamm (6) 

Toplisss (63) 

Wilsonn (3) 

Normann (2) 

Gotzschee (7) 

Bakker(5) ) 

Barloww (64) 

Drvotaa (4) 

Inhibition n 

byy AM 

+ + 

--

minimal l 

--
+ + 

+ + 

minimal l 

minimal l 

--
+ + 

Inhibition n 

byy DEA 

n.t. . 

n.t. . 

+ + 

n.t. . 

n.t. . 

n.t. . 

+ + 

+ + 

n.t. . 

n.t. . 

TRR from 

ratt anterior pituitary 

humann skin fibroblasts 

humann lymphocytes, 
bovinee heart, rat liver 

ratt liver 

ratt liver 

ratt pituitary tumour 

ratt heart 

bacteriall expressed 
TRIliTRIli protein 

Macacaa liver 

baculovirus-produced d 
hTR/Si i 

Solvens s 

%% Final Dilution 

11 % benzyl alcohol 

2%% ethanol 

1%% ethanol, nuclei washed 
withh 0.5% Triton X-100 

1-10%% ethanol 

50%% propanol/water 

9.3%% Tween 80 

1.9%% benzyl alcohol 

0.2%% ethanol, nuclei washed 
withh 0.5% Triton X-100 

11 % ethanol 

0.05%% Triton X-100 

acidifiedd assay buffer 

0.6%% ethanol 

++ = strong inhibition, - = no inhibition, n.t.= not tested 
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Inn contrast to the results described in the above mentioned papers, the studies 

off Latham (6) and Getzsche (7) report only a slight inhibition by AM. In these 

studiess AM was dissolved in ethanol and since in both studies nuclei were 

washedd with 0.5% Triton X-100, the remaining Triton X-100 was probably 

enoughh to keep AM in solution. In our studies (Chapter 2) and (Chapter 3) 

0.05%% TritonX-100 was added to the incubation buffer to keep AM and DEA in 

solution.. The other papers listed in Table 1 did not show an inhibitory effect by 

AMM on the binding of T3 to TRs. This lack of effect is probably due to the fact 

thatt in these experiments AM was diluted from the ethanol stock into the 

incubationn buffer without any precaution to keep AM in solution, resulting in 

insolublee AM in the aqueous incubation buffer. 

Itt is clear from the above discussion that the strong lypophilic compounds AM 

andd DEA are easily dissolved in ethanol, but precipitate in an aqueous 

environment.. In order to solve this problem and to get more insight in the 

physicochemicall behaviour of AM and DEA the solubility of the compounds 

wass tested in a hydrophylic incubation buffer as described in chapter 2. 

Ethanol,, Tween-80, or Triton X-100, at various concentrations, were added to 

thee incubation buffer containing AM or DEA from 103 to 10"5M. Macro-

scopicallyy visible precipitation, opalescent or clear solution were scored and in 

thee clear solutions AM and DEA recovery was measured by HPLC. A clear 

solutionn was only obtained in the presence of 1% and 10% Tween-80 or in the 

presencee of 0.05% and 0.1% Triton X-100 at AM and DEA concentrations up 

too lO^M. Recovery was not measured in the samples with Tween-80, because 

thiss solvent, like benzyl alcohol itself, interferes strongly with the binding of T3 

too thyroid hormone receptors. No soluble AM and DEA were detected in the 

presencee of 1% ethanol. However when 0.05% Triton X-100 was added, 

recoveryy in the order of 80-95% was found as measured by HPLC, but 

recoveryy decreased markedly at AM and DEA concentrations above lO^M. 

Fromm these findings it became clear how to keep AM and DEA in solution 

withoutt interference of the solvent itself in the binding of T3. This made it 

possiblee to study the interaction of AM and DEA on the binding of T3 to its 

receptors. . 

Furtherr studies with AM and DEA, the major metabolite of AM, in both our 

groupp and by others (6;7) showed that DEA, but not AM, had a clear inhibitory 

effectt on the binding of T3 to its receptors. This inhibition was about 80% at a 
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concentrationn of lO^M DEA. The same inhibitory potency of 80% at a 

concentrationn of lO^M DEA was reported by Bakker (5), and van Beeren (8) 

usingg the chicken TRtfi and the rat TRp! expressed in E.coli. A review from 

thee group of Baxter (9) in 1998 stated: "The cardiac anti-arrhythmic agent 

amiodaronee has TR antagonist activity (Norman and Lavin, 1989) but it has a 

veryy low affinity for TR and it becomes toxic to the cells at the concentrations 

requiredd for its "antagonist" actions (unpublished data). Therefore, we cannot 

bee certain about amiodarone as a true TR antagonist." Their doubt is 

understandablee taking in account the discrepancy in the reports on this 

subject;; however the choice of the reference was unfortunate, because the 

effectt of AM in the paper of Norman and Lavin (2) was due to the solvents 

used.. On the other hand, they were right in doubting the antagonism of AM. 

Nott AM, but its major metabolite DEA is the antagonist with respect to binding 

off T3 to TRs as is clearly evident from the experimental results described in 

chapterr 2 and 3. 
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9.2.. Structure-function relationship in the interaction 
betweenn amiodarone and the TR isoforms 

9.2.A.. Competitive vs. noncompetitive inhibition: differences between 

TRo,, and TRfr isoforms 

Inn chapter 2 and 3 we described the inhibitory effect of DEA on the binding of 

T33 to the rat TR/^ and chicken TR^ . Surprisingly the type of inhibition differs 

forr the two receptor isoforms. DEA acts as a competitive inhibitor of the 

bindingg of T3 to TRo^ as evident from the concentration-dependent decrease in 

Kaa but not in MBC, indicating that DEA and T3 compete for the same binding 

sitee on the TRaHsoform. in contrast, DEA acts as a noncompetitive inhibitor of 

T33 binding with respect to TR/^: the Ka as well as the MBC decreases in a 

concentration-dependentt manner. DEA and T3 are thus likely to bind to the 

receptorr on different or partly overlapping binding sites. 

Thee different types of inhibition of T3 binding to TRo^ and TR/^ by DEA can be 

duee to differences in amino acid sequences in the LBD of these isoforms 

(Fig.. 1). These differences can give rise to discrepancies in the structure of 

TROTT compared to that of TRfi^ resulting in isoform specific actions. Before 

discussingg differences between the amino acid sequences of the LBD of the 

humann TRo^ and TR/^ in detail, the human sequences will be compared to 

thatt of the chicken TRcri and the rat TR/21t because the cDNA used in our 

studiess is from chicken and rat origin (for TRO| and TR/3i expression 

respectively). . 

Thee LBD of the human and chicken TRcr, are 95% homologous. From the 

elevenn amino acids that are different, nine change to a residue with the same 

physicochemicall properties. Only the differences of isoleucine 201 (1201) 

situatedd in H5 into methionine (M) and serine 341 (S341) situated in H10 into 

cysteinee (C) from human to chicken TRo^ respectively, introduce two residues 

containingg an S atom, one of which is potentially able to form di-sulfide bridges 

withh other residues in the protein. However, these residues are situated in non-

conservedd regions and will probably not result in significant differences 

betweenn the human and chicken TRo^ protein. 

Theree is an extremely high sequence identity between human and rat TRIS, 

LBDD with only two residues that are different. Lysine 263 (K263) situated 

betweenn H2 and H3 changes into glutamine (Q), and aspartic acid 324 (D324) 
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situatedd between H6 and H7 changes into glutamic acid (E) from human to rat 

TRfii.. These differences between rat and human will probably have no effect 

onn the charge of the surface of the protein or to the protein folding. Both K and 

QQ can have a positive charge, dependent on pH, and the charge of the acidic 

aminoo acids D and E is the same. The difference in size is only one CH2-group 

inn both cases. 

humann TRctl 
humann TRpl 

humann TRctl 
humann TRpl 

humann TRal 
humann TR|11 

humann TRotl 
humann TR|il 

humann TRal 
humann TRpl 

humann TRal 
humann TR|U 

TPEETOLlff ll  ATE 
TDEEBELIKf ''  VTE 

220 0 

llEliDk vv D LEAFS 
|I|E|}GJWW DLEAF£_ 

2600 27 0 

[AA QGSHWKiFP 
AA QGSHWKqKp 

2300 2  4 0 

IITPAITR WW DFAKKLPHFS 
IITPAITR WW DFAKKLPMP|C 

2800 29 0 

FLPDDIGOSS P 
FLPEDIGqAp p 

250 0 

ELPCEDQIIL L 
ELPCEDQIIL L 

300 0 

LKGCCHEIH SS LRAAVRYDP E SDTLTlÉljE H AT?0ÏEQLKN G GLGWSDAI F 
LKGCCHEIH SS LRAAVRYDP E SETLTLfepEH A^GQLKN G GLGWSDAI F 

3100 320 330 340 350 

LDDTEVALL QQ AVLLHSTDR S GLLCvEïjiE K SQEJifylLAF E 
LDDTEVALL QQ AVLLHSSDRP GLACV|§IE K YQDS|FJ,LAFE 

3700 380 390 400 

PHFWPKLLH KK  VTDLRHIGA C HASRFLHHK V ECPTELFPPL 
THFWPKLLH KK  VTDLRHIGA C HASRFLHHK V ECPTELFPPL 

4100 420 430 440 450 

FLEVFEDJQËV J J 
FLEVFE D D 

460 0 

>gi1825639lemblCAA38899.111 thyro i d hormone receptor  alpha 1 [Homo sapiens] 
>gi1586092IspIP10828|THB1_HUHANN Thyroi d hormone receptor  be ta-1 

Fig.. 1. Amino acid sequences of the human TRCTI and human TR/ïi LBD. Subtype specific 
differencess are boxed. Numbering is for TR/Si. 

Thee amino acid (aa) sequences of the hTRor-i and hTRfii LBD starting at helix 

11 are 85% homologous, which however does not mean that the other 15% are 

alll sub-type specific differences. Sub-type specific differences are defined on 

thee basis of the consensus sequence found in three of four species human, 

rat,, chicken and xenopus laevis (h, r, c, xl) (10). When for instance the TRc^ 

specificc sequence is found to be conserved in at least three out of four species 

(h,, r, c, xl) but differs between TRa! and TRfi^ it is viewed as a genuine 

subtype-specificc difference. An amino acid residue that differs between all four 

speciess within one isoform is therefore thought to be of less importance simply 
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humann TRal 
c h i c k enn TRal 
humann TRfil 
r a tt TRfil 

humann TRal 
c h i c k enn TRal 
humann TRfil 
r a tt TRfil 

humann TRal 
c h i c k enn TRal 
humann TRfil 
r a tt TRfil 

humann TRal 
c h i c k enn TRal 
humann TRfil 
r a tt TRfil 

humann TRal 
c h i c k enn TRal 
humann TRfil 
r a tt TRfil 

CX X 
JLL L H2 2 

.TPEETtlDLIHII  ATEAtRETNA 

.SAEEWELIĤ ^ VTEAtPf TNA 

.TDEEWELIKTT VTEAtVSTNA 
-TDEETOEL T̂T VTEAtVATNA 

2200 3 0 
H3 3 

QGSHWKtR R 
QGSHWK(K K 
QGSHHKtKSK K 
QGSHKKü^pK K 

240 0 

I D D a a 

FLPDDIGtöSlP P 
FLPEDIGOSP P 
FLPEDIG4IAP P 
FLPEDIG<!AP P 

22 SO 
-H£_ _ 

itisTÖDfcpKV V 
HüSïlDCDKV V 
I IK MM E : GS 
I^NJJ^EJCGQV V 

260 0 
HSS HE-
CDD ( f , 

DLEAF;:E?TKK I ITPAITR W 
DLEAF£E?TKK I ITPAITR W 
DLEAF£H?TKK I ITPAITR W 
DLEAF^HFTKK I ITPAITR W 

2700 280 

J J 

DFAKKLPHIS S 
DFAKKLPHIS S 
DFAKKLPHIC C 
DFAKKLPHIC C 

290 0 
H7 7 

ELPCEDQIIL L 
ELPCEDQIIL L 
ELPCEDQIIL L 
ELPCEDQIIL L 

300 0 
H8 8 

LKGCCHEIHS S 
LKGCCHEIHS S 
LKGCCHEIHS S 
LKGCCHEIHS S 

310 0 
TT8 8 

OO > 
EUfKkL& N N 
DL0K5LÜAFN N 
DLCMSLiiSFN N 
DLCtMpL|s|FN N 

360 0 

LRAAVP.YDPEE SDTLT.S^EH 
LRAAVRYDP EE S E T L T ^ S Ï EH 

LRAAVRYDP EE S E T L T I J I Ï EH 

LRAAVRYDPDD SETLT:JI;EH 
320 0 330 330 

A^KSEQLKHGG GLGWSDAIF 
A1K3EQLKHCC G-LGWSDAIF 
AT,, T 3GQ LKNG GL GWSDAIF 
A1T3GQLKNGG GLCWSDAIF 

340 0 3 S0 0 

<x x 
-H2_ _ 

CE E 
H10 0 

LDDTEVALL QQ AVLLHSTDR S 
LDDTEVALL QQ AVLLHSSDRT 
LDDTEVALL QQ AVLLHSSDRP 
LDDTEVALL QQ AVLLHSSDRP 

3700 380 

<z z 

GLLCTDHEKK SQFJtYtLAFE 
GLICTDÏIEKK CQEVYLLAFE 
GLACTT E11 EK YQDi F L LAF E 
GLAClJEJIEKK YQD^FJ,LAFE 

3900 400 

-..  ^> W' 
HYVlfiHlRKffln ]]  pKFWPKLLHK VTDLRHIGAC HASRFLHnKV ECPTELFPPL 
HYIHYRKtH ll  EIFWPKLLHK VTDLRHIGAC HASRFLHHKV ECPTELFPPL 
HYIHYRKtH SS TiFTJPKLLHK VTDLRHIGAC HASRFLHHKV ECPTELFPPL 
HYUSYJEragBJJ [TpFWPKLLHK VTDLRHIGAC HASRFLHHKV ECPTELFPPL 

4100 420 430 440 4S0 

humann TRal 
c h i c k enn TRal 
humann TRfil 
r a tt TRfil 

FLEVFEDOT7] ] 
FLEWELTOEvJ J 
FF LEW ED 
FLEWW ED 

460 0 

> gii  1825639 I embI CAA38899. il t h y r o id hormone r e c e p t or a l p ha 1 [Homo s a p ie 
>g i |135710 |sp |P0462S|THA_CHICKK THYROID HOPHONE RECEPTOR ALPHA 
> g i 1 5 8 6 0 9 2 | spp IP10828|THB1_HUHAN T h y r o id hormone r e c e p t or b e t a -1 
> g i 1 5 8 6 0 9 4 | s p I P 1 8 1 133 1THB1_PAT T h y r o id hormone r e c e p t or b e t a -1 

Fig.. 2. Amino acid sequences of the human and chicken TRch and the human and rat TRfi, LBD. 
H1-H122 indicate the helices. Black dots indicate residues that make contact to the ligand, a vs. p 
isoformm specific differences are boxed. Numbering is for TR/3i. 
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becausee its nature does not seem to be that relevant for receptor function. 

Lookingg at the differences between TRc^ and TRÖ1 LBD in this way 10% 

genuinee subtype specific differences are found. None of them is seen in 

residuess that make contact with the ligand (Fig. 2, indicated with black dots) 

(10).. The largest part of the twenty-six different isoform-specific residues in the 

hTRoii and hTR/Si LBD are concentrated in clusters: they are situated in H1 

(3aa),, in the loop between H2 and H3 (5aa), in the loop between H6 and H7 

(2aa),, H8 (2aa), in H10 (4aa), and in the loop between H10 and H11 (3aa). 

Mostt of the differences are changes into residues with other physicochemical 

properties,, like a change of charge of the residue to positive, negative or 

unchargedd or to changes of electron clusters, for instance when aromatic 

aminoo acids are exchanged. Distinct differences in interaction by synthetic 

analoguess to TRo, and TRfii LBD have been reported (11) and are probably 

duee to these changes on the outer- and inner-surface of the LBDs. The crystal 

structuress of the rTRo, and hTR/^ LBD have been solved and both LBDs 

consistt of 12 a-helices and 4 p-strands organized in three layers. Structural 

differencesdifferences are found in two loops that link conserved a-helices: the loop 

betweenn H1 and H3 and the loop between H9 and H10. Structural differences 

aree also seen in the final two turns of H11, where hTR^ bends more inward 

comparedd to rTRo, producing a shift between H11 and H12 (10) (Fig. 3). 

Althoughh the position of the binding site of DEA on TRo^ and T R ^ LBD is still 

unknown,, it is feasible that the discrepancy in the type of inhibition on the 

bindingg of T3 to TRo^ and T R ^ by DEA is caused by the differences in the 

aminoo acid sequences described above and resulting structural changes of the 

TR^^ and TR/^ LBD. 

9.2.B.. Determinants of (non) competitive inhibition: effect of changes in 

thee amiodarone compound or in the receptor protein 

Thee structure of the TR LBD was not yet elucidated when we performed the 

experimentss described in chapter 2 and 3. To get more insight in the structure-

functionn relationship between amiodarone and the two isoforms (chapter 4 and 

5),, we performed TR binding studies changing either the compound 

amiodaroneamiodarone or the TR protein. 
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H9-H10 0 
loopp -

Hll l 

HII-HI2loo p p 

[Hik ee turn 

Fig.. 3. Superposition of the crystal structures of rTRcn and hTRfii LBD in ribbon drawing. 
Differencess between the structures are marked in green for TRcr, and blue for TRB, (From m 
Wagner,, Mol Endo 15(3): 398-410). 

Firstt we looked from the side of the compound (chapter 4). Several AM 

metabolitess and analogues were tested to evaluate the influence of changes in 

thee make up of these molecules on their T3 binding inhibitory potency on the 

TRcr-,, and TR/3-,. The results of these TRo, and TR/3i isoform specific 

differencess in the inhibition of T3 binding by other AM analogues besides DEA 

aree described in chapter 4. The effect of AM analogues on the binding of T3 to 

thee TR isoforms were evaluated as the potency of inhibition and the type of 

inhibition.. Although AM itself has a slight inhibitory effect on the binding of T3 

bindingg to TRa-i and TR/31T deethylation results in compounds with a strong 
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inhibitoryy effect. There is no major difference in the inhibitory potential upon 

thee removal of one or two ethyl groups. Monodeiodination of AM results in a 

compoundd with a slightly increased inhibitory potential relative to that of AM, 

butt the inhibition becomes stronger with complete deiodination. Compound 

L3373,, in which the side-chain of AM is replaced by a hydroxyl group, inhibits 

thee binding of T3 to TRa, and TR/31 with the same potency as the deethylated 

compounds.. The inhibitory potency is greatly reduced upon monodeiodination, 

andd is completely lost when both iodine atoms are removed. 

Fig.. 5. Electrostatic surface representation of the hTRfii LBD bound to T3 {orange). The positively 
chargedd amino acids are marked in blue, the negatively charged amino acids are marked in red. 
Thee hydrophobic cleft is indicated. Amino acids E457 (red) and K288 (blue) form a "charged 
clamp"" for co-activator binding. 

Deethylationn and deiodination of AM result in compounds that inhibit the 

bindingg of T3 binding to TRar-i in a competitive fashion, whereas the inhibition 

withh respect to T R ^ is of a noncompetitive nature. In contrast to these 
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deethylatedd and deiodinated AM metabolites, compound L3373 shows the 

samee competitive behaviour to both TRoi and TR/^ subtypes. 

Inn order to understand how these drugs might act as inhibitors T3-receptor 

binding,, computer graphics modelling studies have been carried out to 

comparee these molecular structures with those of T3 and T4. The molecular 

conformationss of AM, DEA and benziodarone (similar to L3373, except the 

changee from butyl to ethyl side chain) are similar (Fig. 4). The iodophenolic 

ringg of amiodarone can be matched with either the tyrosyl or the phenolic ring 

off T4. The best fit of AM and its analogues with T4 was obtained by 

superpositionn of the phenolic (outer) ring of T4 (12). Another computational 

analysiss also reports that superimposing the benzoylbenzofuran moiety of AM 

onn the inner ring of T3 and the diiodophenyl group on the outer ring provides 

thee largest overlap of molecular volumes and gives the closest match of 

functionall groups between AM and T3 (13). These calculations do not give a 

clearr answer, but are nice approaches in the process leading to the elucidation 

off the mechanism of action of AM and its analogues. From the results of our 

inhibitionn studies on AM analogues it is likely that: [1] the size of the diethyl 

substitutedd nitrogen-group and of the two bulky iodine atoms in the AM 

moleculee hamper the binding of AM at or near the T3-binding site of T3 

receptors,, [2] differences in the LBD of TRoi and TRfi1 are likely to account for 

thee competitive or noncompetitive nature of inhibition of T3 binding by AM 

analogues,, and [3] compound L3373 does not discriminate between TRoi and 

TR&-,, in type of inhibition to these TRs isoforms. However these findings did 

nott give further indications to localize the DEA-binding site. 
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Benziodaronee Thyroxine 

Fig.. 4. Molecular conformation of AM, DEA, benziodarone, and T4. The conformation of T3 is 
similarr to that of T4. [Figures are by courtesy of Dr. V. Cody (Buffalo, NY) (12).] 

Nextt we looked from the protein side (chapter 5). The inhibitory effect of T3 

bindingg by DEA was studied in TRB, proteins with mutations in the LBD, but 

whichh could still bind T3. The potency of DEA to inhibit T3 binding to the TR 

indeedd changed in some of these LBD mutants. No change in inhibitory 

potencyy was observed for the naturally occurring mutants P453A and P453T 

relativee to wild type TRIS,, but a stronger inhibitory potency was observed for 

thee mutants R429Q and E457A. This differential behaviour of mutant TRCiS 

withh respect to the inhibitory effect of DEA allowed us to postulate a putative 

bindingg site in the LBD of TRd . Inhibition of T3 binding is noncompetitive in 

naturee for the wild type and all mutants tested, indicating that the DEA binding 

sitee on the receptor is not equivalent to the T3 binding site of TR/3-|. 

Furthermore,, from the crystal structure of the rTRc^ (14) and TRIS-i (15) it is 

knownn that E457 is situated in helix 12 as a charged residue in the 

hydrophobicc cleft on the outside of the receptor (Fig. 5). This hydrophobic cleft 

off the TR-LBD, composed of residues from helices (H) 3,5,6 and 12, also has 

somee positive and negative charged residues, as can be seen in Fig. 5. 

Co-repressorss can bind to the TR using two or three interaction domains (IDs) 

whichh contain the core consensus amino acid sequence l/LXXI/VI (16);17). 
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Co-activatorss also bind to the same hydrophobic cleft of the LBD. Molecular 

studiess have established that an LXXLL amino acid motif within the co-

activatorss mediates this interaction with the T3 activated receptor (17). This is 

confirmedd by the crystal structure of the TR/GRIP NR box peptide complex 

(18)) (Fig. 6). 

Inn mutant E457A the physicochemical property of the residue changes from 

veryy charged to non-charged, resulting in an even more hydrophobic cleft on 

thee LBD of TRfi-,. Keeping in mind that DEA shows a stronger inhibitory 

potencyy for mutant E457A compared to wild type, it could well be that this 

hydrophobicc cleft is the binding site for DEA. With respect to TRo, we have to 

speculatee upon the DEA binding site, because we did not perform studies with 

mutationss in the TRcfi protein. 

Fig.. 6. Model of the interaction of the NR box on co-activator GRIP with the hydrophobic cleft 
formedd by H12 on the hTRfi, bound to T3 (orange). 

Itt is likely that the binding sites for DEA on the TRcr, and TRd are not the 

same,, due to the fact that DEA and other deethylated and deiodinated AM 

metabolitess inhibit the binding of T3 to TRo, in a competitive fashion, whereas 

thee inhibition with respect to TR#i by these metabolites is of a noncompetitive 

nature,, indicating distinct binding sites for DEA on TRa, and TRIi^. The 

competitivee type of inhibition for the TRcr, suggests competition of DEA and T3 

forr binding in the binding pocket, or a binding site for DEA close to the T3 

bindingg pocket. 

144 4 



Generall discussion 

9.3.. Interference of amiodarone with co-factor binding 

Too achieve transcriptional activity of T3-dependent target genes, DNA-bound 

TRss have to recruit general transcription factors (GTFs) to the preinitiation 

complex,, but before that other proteins, the so-called co-activators are 

required.. Two distinct groups of co-activators have emerged: ligand-dependent 

co-activatorss that bind to activation function (AF)-2 in the LBD, and co-

activatorss that are associated with the N-terminal AF-1 region. The structural 

basiss of the AF-2 interaction has been resolved, but the structural basis for the 

AF-11 interaction is not well understood (19). 

Fig.. 7: The a-helical model of the crystal structure of the hTR/3, LBD in the presence of T3 

(orange).(orange). The positively and negatively charged amino acids are marked in blue and red 
respectively.respectively. Helix 12 is indicated as H12. 

Sincee the structure of the TR LBD is solved, our knowledge about structure 

andd function of the LBD has increased enormously. The three-dimensional 

structuree of the hTRfii LBD consists of 12-a helices and 4-(3-strands arranged 

inn a three-layered sandwich, as observed for rTR<X| (10) (Fig. 7) this structure 

T33 binds to a hydrophobic cavity buried within the core of the LBD. Important in 

thee understanding of co-activator binding is the observation that in the ligand 

boundd structure, helix 12 is folded against the protein, creating a 'lid' across 

thee ligand-binding pocket. The structural data, together with the transcriptional 
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activationn data, imply that the position of helix 12 is crucial for receptor 

activation,, creating a binding surface for the co-activator binding. This 

hydrophobicc groove within the LBD of the TR interacts with an LXXLL motif 

containingg a-helix of the co-activator glucocorticoid receptor interacting protein 

11 (GRIP-1) (18) (Fig. 6). GRIP-1 contains three copies of an LXXLL motif in its 

centrall region, called the nuclear receptor box (NR Box). This LXXLL motif is 

ablee to bind to the hydrophobic cleft of nuclear receptors, which includes E457 

onn helix 12. 

Whenn glutamine 457 (E457) is mutated to alanine DEA shows a stronger 

inhibitoryy potency. Interestingly this aa is situated in the same hydrophobic 

regionn where GRIP-1 interacts. Later on it became clear that the positively 

chargedd TR residue lysine 288 (K288) in H3 and the negatively charged TR 

residuee glutamic acid 457 (E457) in H12 are involved in GRIP-1 binding to the 

TR.. These TR residues form a "charged clamp" (20) and are completely 

conservedd between different nuclear receptors (17;21). The observations with 

thee TRs were confirmed by structural studies of the estrogen receptor (ER) in 

thee presence of co-activator GRIP-1 show interaction of lysine 362 (K362), 

leucinee 372 (L372) and glutamic acid 542 (E542) with the co-activator nuclear 

receptorr (NR) box (22). 

Becausee of the possible co-localization of the DEA and GRIP-1 binding sites 

onn the LBD of the TR, we decided to study the effect of DEA on the binding of 

GRIP-11 to the hTR/5i. The binding of co-activator GRIP-1 to hTR^, as 

describedd in chapter 7, is T3 dependent in a concentration responsive manner, 

supportingg the above-mentioned mechanism that co-activator can only bind to 

ligandedd receptors. 

Whenn DEA is present the binding of GRIP-1 to hTRfii strongly decreases 

concentrationn dependently. This diminished binding suggests competition 

betweenn DEA and GRIP-1 for the same binding site on the hTRfi^ but can 

alsoo be due to the effect of lower T3 binding to the receptor caused by the 

inhibitoryy effect of DEA on the binding of T3 to TR#i. Although there are no 

structurall or mutational studies reported on the binding of GRIP-1 to the TRc^ 

isoform,, it is well accepted that co-activators like GRIP-1 bind to the same 

hydrophobicc cleft in the LBD of TRai and TRfi^ taking into account that the 

residuess in the TR that bind to GRIP-1 are identical for TRor-i and TRfii. For 

TR/3tt it is clear, that DEA inhibits the binding of the ligand T3 and that DEA 
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inhibitss the binding of co-activator GRIP-1 to the receptor. We did not perform 

thee TR/GRIP-1 binding studies in the presence of DEA with the TRc^ isoform. 

Itt is likely that DEA also inhibits the binding of GRIP-1 to the TRa1g although it 

iss possible that there is an other mechanism of action because of the 

differentiall type of inhibition by DEA for the binding of T3 to TRa^ (competitive) 

andd TRÖ! (noncompetitive). 

Sincee the coactivator-receptor interaction is essential for gene activation it can 

bee concluded, that DEA acts as an antagonist in the presence of T3. 
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9.4.. Dronedarone 

Amiodaronee (AM), a drug developed for the treatment of angina pectoris but 

nowadayss mainly used in the treatment of cardiac arrhythmias, has many side 

effectss as described in the introduction of this thesis. The thyroidal side effects 

aree due to a cytotoxic effect of the drug on thyroid follicular cells and to iodine 

excesss caused by the release of pharmacological quantities of iodine during 

biotransformationn of the drug. Therefore an analogue without iodine was 

developed:: Dronedarone (Dron). This new drug, just like amiodarone, reduces 

heartt rate and prolongs the QTc interval in dogs and rabbits (23;24). By 

analogyy to AM, we evaluated the effect of Dron on the binding of T3 to the 

TRahh and TRfl^ In in vitro binding studies, using receptor proteins expressed 

inn a bacterial expression system, Dron itself had only a slight inhibitory effect 

onn T3 binding to TRoi and no effect on T3 binding to TR/5^ In contrast, the 

majorr metabolite debutyldronedarone (DBDron) was a very potent inhibitor of 

T33 binding to TRa1( but a weak inhibitor of T3 binding to TR/3-i. Comparing AM 

too Dron several similarities and discrepancies can be found. Similarities are 

thatt not the parent drugs themselves, but their major metabolites 

desethylamiodaronee (DEA) and debutyldronedarone (DBDron) are inhibitors of 

T33 binding to TRar-, and to TRfi^ Discrepancies are that DEA is a very potent 

inhibitorr of T3 binding to both TRc^ and TRfi^ whereas DBDron is a strong 

inhibitorr of T3 binding to TRCTI, but a weak inhibitor of T3 binding to TR/^. The 

inin vitro results suggest that Dron might act as a TRc^ selective antagonist. 

Thee heart has an abundance of TRoi mRNA (25) and protein (26) relative to 

TR/SLL whereas TR/^ is the predominant isoform in liver (27). If Dron is a TRoi 

selectivee antagonist, Dron could have considerable clinical advantages 

comparedd to AM besides the lack of thyroidal side effects due to iodine 

excess.. Thus, Dron will have the same beneficial electrophysiological effects 

onn the heart like AM which are TRc^ mediated, but will lack TRÖ1 mediated 

sidee effects caused by AM like increased plasma cholesterol (28). By down-

regulationn of the TR/$i mediated synthesis of the LDL-receptor in liver during 

AMM treatment, plasma cholesterol will rise, just as in hypothyroidism. If Dron is 

aa really selective TRc^ antagonist, the rise of plasma cholesterol and other 

TR/STT mediated effects will not occur during Dron treatment. 
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Wee tested this hypothesis in rats treated with AM or Dron. As specific TRCTI 

mediatedd effects heart rates and QTc intervals were determined. As TRfi^ 

mediatedd effects plasma cholesterol, the enzymatic activity of liver 

deiodinasee 1 (D1) and the protein expression of the liver LDL-receptor gene 

weree measured (29;30). AM and Dron indeed had similar effects on the 

prolongationn of the QTc interval in the hearts of rats treated with AM or Dron 

comparedd to controls, whereas heart rate did not change (chapter 8). 

Prolongationn of the QTc interval is also seen in the atrial muscle of rabbits (24) 

andd in the hearts of dogs treated orally with AM or Dron (23). As expected AM 

andd Dron do have differential effects on plasma cholesterol clearance. Only 

AMM but not Dron increased total plasma cholesterol, LDL cholesterol and HDL 

cholesterol,, in agreement with earlier studies in rats (31). The gene expression 

off the LDL-r was likewise decreased in the livers of AM but not in the livers of 

Dronn treated rats. AM decreases the TR/^ regulated liver D1 enzyme activity 

(32);; In contrast liver D1 activity was not affected in the Dron treated animals. 

Thesee findings support the hypothesis that AM but not Dron inhibits TR£i 

mediatedd gene expression. Whereas Dron thus appears to act as a TRc^ 

selectivee antagonist, another thyroid hormone analogue GC-1 shows TR/5r 

selectivee agonistic actions. This agonist, like T3 decreases plasma triglyceride 

andd plasma cholesterol in rats (33) and primates (34) whereas T3 but not GC-1 

inducedd tachycardia. 

AA recent study has been published on the efficacy of Dron in humans for the 

preventionn of atrial fibrillation (35). The aim of the study was to select the most 

appropriatee concentration of Dron for prevention of recurrent atrial fibrillation 

afterr successful cardioversion. It was designed as a multicentre double-blind, 

randomised,, placebo controlled trail. One hundred and ninety-nine patients 

fromm 50 centres and 11 countries were included in the primary analyses; 

patientss were randomised into 4 groups: placebo, 800 mg, 1200 mg or 1600 

mgg Dron per day. Gastro-intestinal side effects were the most frequent cause 

forr discontinuation of the drug. No evidence of thyroid, hepatic, neurological, 

ocularr or pulmonary complications was found. In addition, no Dron-associated 

proarrhythmicc reactions side effects were observed. In particular, torsade de 

pointess did not occur, although it happened in dogs treated with Dron (23). 

Fromm this study it was concluded: "Dronedarone, at a 800 mg daily dose, 

appearss to be effective and safe for the prevention of AF relapses after 
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cardioversion.. The absences of thyroid side effects and of proarrhythmia are 

importantt features of the drug." 

Ongoingg studies like the Australian-American-African Trial with Dronedarone in 

Atriall Fibrillation or Flutter for the Maintenance of Sinus Rhythm (ADONIS) and 

thee European Trial in Atrial Fibrillation or Flutter Patients Receiving 

Dronedaronee for the Maintenance of Sinus Rhythm (EURIDIS), and other 

dronedaronee trials will delineate the antiarrhythmic profile of Dron and its side 

effectss compared to AM; also the effect of Dron on mortality will be 

determined.. The outcome of these studies will have crucial impact on the 

drug'ss commercial viability (36). 
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9.5.. Amiodarone and dronedarone as TR antagonists 

9.5.A.. Hypothyroid-like effects of amiodarone and dronedarone 

Thee AM induced decrease in heart rate, reduction in myocardial oxygen 

consumptionn and lengthening of the QTc interval are identical to those 

observedd in hypothyroidism (37) and can be prevented by the simultaneous 

administrationn of T4 or T3 (38). These findings led to the early hypothesis that 

AMM induces hypothyroid-like effects. More hypothyroid-like effects of AM are 

describedd in Table 2, § 1. To evaluate whether the hypothyroid effects are just 

duee to lower intracellular T3 concentrations caused by inhibition of D1 activity 

byy AM, a study was performed in rats treated with AM or iopanoic acid 

(anotherr inhibitor of D1). This study reported that the lowering of heart rate and 

off the beta-adrenoceptor density in heart was observed in the AM treated but 

nott in the iopanoic acid treated rats (39). The hypothyroid effects of AM thus 

cann not only be due to lower T3 concentration in tissues as the result of 

diminishedd conversion of T4 into T3. The additional effect of AM (but not of 

iopanoicc acid) as an inhibitor of T3 binding to TRs might explain many of its 

hypothyroidd effects. 

Thee question then arises if the concentrations of AM and DEA reached in 

tissuess during long-term AM treatment are high enough to exert these 

antagonisticc effects in vivo. In other words, are the tissue concentrations of AM 

andd DEA in the order of the IC50 values found in our in vitro studies, so that 

DEAA can compete with T3 for binding to the TR in vivo. AM and its major 

metabolitee DEA both accumulate in tissues during long-term AM treatment. In 

humann tissues obtained at autopsy AM and DEA concentrations are 606 and 

38155 pM/kg respectively in liver, and 62 and 274 uM/kg in the heart (Table 1, 

§§ 1). The IC50 value of AM is > 200uM for both TR isoforms and that of DEA 47 

andd 27uM for TRo, and T R ^ respectively (Table 1, § 4). These figures show 

thatt DEA concentrations in tissue can be higher than the IC50 values. However 

nott only the tissue concentration of DEA is of importance, also the ratio of the 

DEAA concentration to the T3 concentrations is relevant (40). In this study using 

transfectionn of TR/S1 and a reporter gene for malic enzyme (ME) in 

hepatocytess 1uM DEA was ineffective to reduce T3-dependent gene 

expressionn of ME when T3 was present in equimolar quantities (1uM T3). 

Howeverr when the T3 concentration was decreased to 1nM (1000 times lower 
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comparedd to 1uM DEA), DEA reduced the ME gene activity by 50%. AM was 

ineffectivee under these experimental conditions. These findings stress the fact 

thatt the ratio between T3 and DEA is important for DEA to unfold its 

antagonisticc action. 

Positionn H12 with E2 

Positionn H12 with t.iloxifen 

Fig.. 8. Model of the crystal structure of the estrogen receptor (ER) LBD bound to estrogen (in 
yellow)) or to raloxifen (in blue). The position of H12 in yellow (estrogen bound) creates a binding 
sitee for co-activator binding, whereas in the other position of H12 in blue (raloxifen bound) co-
repressorss can bind to the receptor surface. The model was generated using the VAST algorithm 
(NCBII website) and the program Cn3D4.1. using structures PDB # 1ERE and PDB # 1ERR. 

Tissuee T3 concentrations in patients treated with AM are not available, but 

theree are some animal data. In rats treated with 30 mg/kg AM orally for three 

weeks,, T3 concentrations in liver and heart are 4- to 5-fold lower than in 

controlss (41). In rats treated with 100 mg/kg AM orally for two weeks liver and 

heartt DEA concentrations (42) are on a molar basis 10.000 times higher 

comparedd to T3 concentrations measured in the first study. It follows that the 
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DEA// T3 ratio is sufficiently high to allow DEA to exert its antagonist effect in 

vivovivo (Table 2). 

Tablee 2. AM, DEA and T3 concentrations in human and rat tissues after AM treatment 

AMM and DEA concentrations in human tissues (65) 

Tissue e 

Liver r 

Heart t 

AMM (umol/kg) 

606 6 

62 2 

DEAA (umol/kg) 

3815 5 

274 274 

AMM and DEA concentrations in rat tissues after 100 mg/kg AM orally for 2 weeks (43) 

Tissue e 

Liver r 

Heart t 

T33 concentrations in 

Tissue e 

Liver r 

Heart t 

AMM (umol/kg) 

49 9 

24 4 

DEAA (umol/kg) 

18 8 

14 4 

ratt tissues after 100 mg/kg AM orally for 2 weeks (42) 

T33 (nmol/kg) control 

10 0 

4 4 

T33 (nmol/kg) AM 

2 2 

1 1 

AA minimal tissue concentration of DEA has to be reached, before DEA can 

inhibitt the binding of T3 to TR. In human tissues it will take time before DEA 

accumulatess and reaches its IC50 concentrations. Side effects, due to tissue 

DEAA accumulation, in patients on AM treatment are usually observed after 

severall months. For example the increase in plasma cholesterol is observed 

onlyy 12 months after the start of treatment (28), which is in line with the above 

calculations. . 

Tissuee concentrations of Dron and DBDron are only known from an animal 

studyy in dogs treated with 20 mg/kg orally for 3 weeks. Myocardial content of 

Dronn is 23 umol/kg, and that of DBDron is 6 umol/kg (23). The heart 

concentrationss of Dron and DBDron in dogs are in the same order of 

magnitudee as the AM and DEA concentrations in rat hearts. Tissue T3 

concentrationss in animals treated with Dron are not available, but plasma T3 

concentrationss are known from rats treated with AM or Dron (chapter 8). In 

bothh AM and Dron treated rats plasma T3 is decreased with 25 and 21% 
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respectivelyy compared to controls (Table 3). We can only speculate that the 

DBDron/T33 ratio is of the same importance as the DEA/T3 ratio (40). Lower 

plasmaa T3 in the Dron treated rats will probably result in lower tissue T3 

concentrations,, like in the AM treated rats. DBDron concentrations in the 

heartss of Dron treated dogs are 3 times lower compared to the DEA 

concentrationss in the hearts of AM treated rats; however the cumulative dose 

off Dron was at least 2 times less compared to AM. These calculations indicate 

thatt DBDron concentrations can be high enough to exert the DBDron selective 

antagonisticc action to the TRa,. 

Tablee 3. Dron, DBDron concentrations in dog tissue after Dron treatment and T3 concentrations in 
ratt plasma after AM or Dron treatment. 

Dronn and DBDron concentrations in dog tissue after 20 mg/kg Dron orally for three weeks (24) 

Tissue e 

Heart t 

T33 concentrations in rat plasm 

T33 (nmol/kg) control 

1.38 8 

Dronn (umol/kg) 

23 3 

aa after 100 mg/kg AM or 

T33 (nmol/kg) AM 

1.03 3 

DBDron(umol/kg) ) 

6 6 

Dronn orally for 2 weeks {66) 

T33 (nmol/kg) Dron 

1.09 9 

DEAA is also reported to possess agonistic effects on TRs, at least in vitro. In 

HepG22 cells AM and DEA reduces the LDL receptor promoter activity, but 

interestinglyy in combination with T3) AM and DEA have a synergistic effect on 

promoterr activity (43). A study in pituitary NIH3T3 cells showed that high 

concentrationss of DEA, but not AM, had an agonistic effect on the ME (malic 

enzyme)) gene expression (40).These agonistic and antagonistic actions are 

probablyy caused by different ratios between DEA, T3 and TR. When there is a 

vastt excess of TR proteins, probably not all TRs are occupied with T3, and 

TRss are then available for DEA binding. However T3 has to be bound to the 

TRR before DEA can act as an antagonist as is shown in the GRIP/TR/^ 

bindingg studies described in chapter 7. 

Thee hypothyroid like effects by AM may also be mediated by non-genomic 

pathways,, especially affecting the plasma membrane. An example of non-

genomicc action by AM is its effect on cardiac p-adrenoceptors. The number of 

P-adrenoceptorr is decreased in cardiomyocytes upon AM administration, 

154 4 



Generall discussion 

mainlymainly by increasing the rate of receptor disappearance from the plasma 

membrane.. In the same study p-adrenoceptor mRNA in rat heart was not 

affectedaffected by AM (44). 

9.5.B.. Mechanistic model for the action of nuclear receptor antagonists 

Thyroidd hormone receptors (TRs) and other nuclear receptors (NR), like the 

androgenn receptor (AR) and the estrogen receptor (ER), are all members of 

thee large nuclear receptor super family. These receptors are similar in their 

threee domain structure (Fig. 4, § 1) consisting of an N-terminal domain (NTD), 

aa DNA binding domain (DBD) and a ligand binding domain (LBD), which is 

composedd of 12 helices (H1-H12). Antagonists of the androgen, estrogen and 

progesteronee receptor are frequently used in medicine. Antiandrogens are 

appliedd in the treatment of prostate cancer (45), whereas selective antagonists 

off the estrogen receptors are successfully used for fighting breast cancer, 

osteoporosiss and cardiovascular diseases (20). Selective progesterone 

receptorr modulators (SPRMs), have both agonistic and antagonistic activities 

dependingg upon the site of action. They are applied in the treatment of 

gynaecologicall disorders such as uterine fibroids and endometriosis (46). 

SPRMss are used for termination of pregnancy, as well for postmenopausal 

hormonee replacement therapy (47). When the antagonist is bound to the 

receptor,, the receptor fails to activate the transcriptional regulatory machinery, 

whichh otherwise occurs when ligand (agonist) is bound. Structural studies on 

thee LBDs of several nuclear receptors, like the RXR, the ER, the AR and the 

TRR showed that when ligand is tightly packed into the nuclear receptor pocket, 

helixx 12 (H12) of the nuclear receptors shifts in position, closing the receptor 

pockett like a lid on a box (Fig. 5, § 1), thereby creating a surface for co-

activatorr binding (22). The crystal structures of liganded nuclear receptors 

suggestt a mechanism of how antagonists may work. The antagonist has to be 

similarr enough to the ligand to bind in the receptor pocket, in this way 

preventingg the binding of the natural ligand or an agonist. The antagonist can 

havee extensions that can stick out of the binding pocket and in this way hinder 

H122 to close the receptor pocket, block proper receptor folding and block the 

creationn of the surface for co-activator binding. In this "extension model" (9) 

antagonistss can block gene expression by preventing co-activator binding to 

thee nuclear receptor. 
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Structurall studies of the estrogen receptor (ER) with its natural ligand estradiol 

andd the antagonist raloxifen support this model (48). When estradiol is bound 

too the ER, H12 is packed into the body of the ER, similar to the packing of the 

analogouss helix in the TR. In contrast, when raloxifen (48) or tamoxifen (49) is 

boundd to the ER, H12 occupies a different position and blocks the co-activator 

bindingg (Fig. 8). The behaviour of raloxifen and tamoxifen is even more 

complexx as these compounds have "mixed agonist/antagonist" activity. 

Raloxifenn and tamoxifen have antagonist activity when the ER is bound to its 

specificc DNA responsive element (ERE) and agonist activity when the ER is 

boundd to the AP-1 complex of transcription factors (50). 

Fromm the TR crystal structures, and that of other nuclear receptors, it has 

becomee clear that after ligand binding H12 moves to close the receptor pocket. 

Thiss finding was essential in the design of TR antagonists that nowadays is 

basedd on TR crystal structures. 
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9.6.. Future perspectives 

Thee design of TRoi or TR61 selective agonists and antagonists might have 

clinicall relevance. 

Forr instance a TRÖ1 selective agonist could be very effective in the treatment 

off hypercholesterolemia, without inducing (TROTT mediated) tachycardia. A 

TRflii selective agonist may also be useful in the treatment of resistance to 

thyroidd hormone (RTH), caused by mutations in the TR/^ gene. A TRc^ 

selectivee antagonist may be useful in lowering heart rate, without inducing 

hypercholesterolemia. . 

Amiodaronee (AM) was early on described as a possible TR antagonist, and 

actss as described in this thesis as a TRcri and T R ^ antagonist in experimental 

animalss as well as in humans. One of its analogues without iodine was tested 

inn the nineties, known as SR 33589 and now named dronedarone (Dron). 

Dron,, like AM is used as an antiarrhythmic drug. In contrast to AM however, as 

describedd in this thesis, Dron acts as a TRcrrselective antagonist, which might 

havee clinical advantage. 

Beforee elucidation of the TR structure, many compounds were designed based 

onn the chemical structure of T3 some of them did indeed function as 

thyromimeticss (51;52). The most useful compound from these series is 

triiodothyroaceticc acid (Triac). Triac has a 2.7 times higher affinity for JRIl: 
thann T3, whereas the affinities of Triac and T3for the TRoi are the same (53). 

Triacc can be used in the treatment of RTH to decrease plasma TSH and T4 

levels.. Triac binds better than T3 to the T R ^ and TR(32 in the hypothalamus 

andd the pituitary, because of its higher affinity for TRfi^ thereby repressing 

TRHH and TSH gene expression (54). Another thyromimetic, 3,5-

diiodothyropropionicc acid (DITPA), increases dP/dtmax (maximum rate of LV 

pressuree development) in hypothyroid rats (55). It has been applied in patients 

withh heart failure, in whom it increases dP/dt and lowers plasma cholesterol 

withoutt a change in heart rate (56). These findings are comparable to the 

increasedd dP/dtmax found in hypothyroid mice treated with GC-1 and the 

plasmaa cholesterol-lowering by GC-1 found in primates (34). 

Whenn the crystal structure of the TR was solved, it became clear that T3 was 

completelyy buried in the receptor pocket, surrounded by amino acids and 

tightlyy packed without room for chemical groups larger than iodine at the 3' 
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position.. Therefore the following model ("extension hypothesis" (9)) was 

hypothesizedd from the crystal structure: An agonist has to resemble T3 so it 

cann fit in the receptor pocket, and after agonist binding helix 12 has to close 

thee receptor pocket and create the binding surface for the coactivator binding 

neededd for gene transcription. Antagonists were hypothesized to have their 

effectt by inhibiting the binding of T3 to TRs, and disturbing TR-coactivator 

binding.. A number of TR antagonists were designed based on this "extension 

hypothesis".. The principle idea of the model was to design a compound that 

fitss in the receptor pocket like a TR agonist, but to attach an extension creating 

aa compound that sticks out of the receptor pocket, making it impossible for 

helixx 12 to close the pocket, thereby interfering with the formation of the TR 

coactivator-bindingg surface (Fig. 5, § 1). To achieve isoform selectivity it was 

hypothesizedd that the compound has to differentiate between the single amino 

acidd that makes contact to the ligand inside the hormone binding pocket and 

differss between TRc^ and TRfi1t namely Ser277 or Asn331 respectively (57). 

Ass a starting point for the design of new TR agonists and antagonists the 

chemicall structure of T3 and the crystal structure of the TR were used. All 

compoundss synthesized were without iodine. Compound GC-1 was the first 

high-affinityy TR#i selective agonist described in 1998 (11). It has a 10-times 

higherr binding affinity to TR^ compared to TRCT^ GC-1 contains several 

structurall changes compared to the natural ligand T3. These changes include 

thee replacement of the three iodine atoms with methyl and isopropyl groups, 

replacementt of the diphenyl ether linkage with a methylene linkage, and 

replacementt of the amino-acid side chain with an oxyacetic-acid (Fig. 8). It is 

thiss oxyacetic-acid side chain which is critical in conferring TR/$i selectivity 

(58).. GC-1 lowered plasma cholesterol in hypercholesterolemic rats by 75% 

andd plasma TSH by 50% in a dose-dependent manner, without having an 

effectt on heart rate (33). This full TR/^ antagonistic effect was confirmed in 

primates.. In cynomolgus monkeys treated for 7 days, plasma cholesterol was 

reducedd 33% and 37% by T3 and GC-1 respectively, whereas T3 but not GC-1 

inducedd tachycardia. Plasma TSH was reduced in parallel with the fall in 

cholesteroll by both T3 and GC-1. In addition to cholesterol reduction, 

lipoproteinn (a) levels were reduced by 34 and 40 % by T3 and GC-1 treatment 

respectively.. GC-1 is as potent as statins (HMG-CoA reductase inhibitors) in 
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decreasingg plasma cholesterol concentrations in primates. However statins, 

whichh are widely used for cholesterol-lowering therapy in humans, have no 

additionall benefit of reducing the atherogenic risk factor lipoprotein (a). 

Thereforee in this respect GC-1 may add a superior therapeutic property 

comparedd to statins (34;59). However no studies in humans are described yet. 

AA large number of derivatives of the TRÖ1 selective compound GC-1 has been 

synthesizedd and some of them show TR agonistic of antagonistic action. The 

mostt potent compounds are listed in Table 4. 

Tablee 4. TR agonists, antagonists and their isoform selectivity 

TRR agonists 

Inn vivo 

Unselectivee TR aaonists 

T33 + 

TRfiii selective aaonists 

TRIACC + 

GC-1GC-1 + 

GC-24 4 

KB-1411 + 

TRGTII selective aaonists 

None e 

TRR antagonists 

Inn vivo 

Unselectivee TR antaaonists 

amiodaronee + 

NH33 + 

DIBRT T 

HY-4 4 

KBB 130015 + 

TR/3ii selective antaaonists 

none e 

TRott selective antaaonists 

dronedaronee + 

Inn vivo + means: the compound is tested in vivo 

GC-244 is, until now, the last TR agonist reported (60). GC-24 is a highly 

selectivee agonist for TRfr,. The 3'-isopropyl group in GC-1 is substituted for a 

benzyll group. Although the benzyl group is too large to fit into the enclosed 

pockett of the receptor, the crystal structure of hTR^ with GC-24 bound 

explainss its agonist activity and unique isoform specificity. The "too large" 

benzyll is accommodated through shifts of 3-4 A in two helices (helix 3 and 

helixx 11) and forms a stable hydrophobic cluster with the hydrophobic amino 
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acidd residues in the receptor pocket. Helix 3 and 11 are required for ligand 

bindingg and positioning of the critical helix 12. Despite these changes, the 

complexx associates with coactivator as tightly as hTR bound to T3l and is fully 

activee in cellular assays. GC-24 binds to TFM^ with a Kd that is slightly weaker 

thann that of T3 but showed an average preference for T R ^ of * 40-fold over 

TRavv GC-1 showed an average preference for TR/^ of only * 3- to 5-fold 

greaterr than for TRo, (11). It is speculated that helix 11 is better packed in 

TRGTLL and that changes in the spatial volume near the ligand substitution are 

probablyy less tolerated in the TRo^ subtype. Thus, addition of a bulky phenyl 

extensionn to the 3' position of the first aryl ring of GC-1 improves the specificity 

off binding to TR/^ with no reduction in binding affinity. No in vivo studies with 

CGG -24 have yet been published. 

Anotherr compound that binds to TRs with high affinity in the nanomolar range 

iss NH-3. The TR antagonist NH-3 is a derivative of GC-1 and contains a 

nitrophenyll acetylene moiety attached to the 5'-position of the thyronine core. 

NH-33 has similar binding affinities for in vitro translated Xenopus leavis TRa^ 

andd TRÖ1. This is consistent with findings using in vitro translated human TRs, 

implyingg that this modification of GC-1 decreases isoform selectivity. X.laevis 

tadpolee metamorphosis, which is a T3-dependent developmental process, is 

inhibitedd by NH-3 in a dose-dependent manner. Spontaneous metamorphosis 

iss arrested by NH-3 with the same effectiveness as the thyroid hormone 

synthesiss inhibitor methimazole. NH-3 demonstrates potent inhibition of T3 

actionn on TRc^ and TR/^ in vitro and in vivo. 

DIBRTT (with two bromide atoms), HY-4 and GC-14 are also derivatives of GC-

1.. Although they bind directly to TRs and inhibit T3 induced transcription in 

culturedd cells, these compounds have weak TR binding affinity. GC-14 is TRf^ 

selective,, but DIBRT and HY-4 do not show isoform selectivity. Their weak 

bindingg affinity and low potency are the reason that these compounds have not 

beenn tested in an animal model yet. 

Compoundd KG-141 resembles GC-1. It contains two chloride atoms at the 3-

andd 5-position instead of methyl groups, an acetic acid side chain instead of 

thee oxy-acetic acid side chain, and a diphenyl ether linkage between the two 

phenyll groups (like in T3) instead of the methylene linkage in GC-1. In vitro 

andd in vivo KB-141 acts as a TR/^ selective agonist. In primates KB-141 

causedd significant cholesterol, lipoprotein (a), and body weight reduction with 
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noo effect on heart rate. Binding affinity of KB-141, compared to CG-1 or T3, to 

thee T R ^ is not described; however, the IC50 value of KB-141 for binding to the 

TRli^TRli^ is 4 times higher compared to the IC50 value or T3. 

Thee last compound described here is KB130015. KB130015 is not developed 

ass a TR agonist or antagonist, but as an anti-arrhythmic. It is one out of a 

seriess of newly developed AM derivatives, which all have two iodine atoms, 

likee AM. KB130015 inhibits the binding of T3 to the human TRoi and TRfi, in 

vitrovitro and T3 antagonism was confirmed in transfection studies. KB 130015 and 

AMM induced similar changes in thyroid hormone parameters in rats. The 

hypercholesterolemicc effects of KB130015, however, are less pronounced 

whenn compared to AM. Liver damage, measured as serum transaminases 

(ASLATT and ALAT), occurs to a lesser extent in the KB130015 treated group 

comparedd to the AM treated animals. In Guinea pig papillary muscle 

KB1300155 induced a significant increase of the action potential duration (APD) 

comparedd to controls. These findings led the authors to the following 

conclusion:: "KB130015 appears to be less toxic than amiodarone while 

maintainingg its electrophysiologic properties consistent with antiarrhythmic 

activity"" (61). The rats in this study were treated with AM for only two weeks it 

remainss to be seen if KB130015 is tolerated better than AM, especially 

becausee nothing is mentioned about the side effects due to iodine excess. 

Sincee it is known that the side effects of AM and DEA occur only after long-

termm treatment because it takes time before both compounds accumulate in 

tissues,, the same may be true for KB130015. No studies in primates or 

humanss have yet been reported. Based on these preliminary results, it seems 

too be premature to prefer KB130015 over AM in treating arrhythmias. 

Summarizing,, there are three T R ^ selective agonists, namely GC-1, GC-24 

andd KB-141. Only two of them GC-1 and KB-141 have been tested in vivo. 

Theirr TRfii selective agonistic effect in primates comprises significant lowering 

off plasma cholesterol, lipoprotein (a) and plasma TSH with no effect on heart 

rate.. These compounds may be potentially useful in the treatment of obesity, 

reductionn of LDL cholesterol and reduction of the atherogenic risk factor 

lipoprotein(a),, but also in decreasing plasma TSH and T4 levels in patients with 

resistancee to thyroid hormone (RTH). NH-3 is the only TR antagonist with 
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bindingg affinity similar to T3, but unfortunately it has no isoform selective 

properties. . 

rr TT XJ 

amiodarone e 

ITF F 
TRIAC C 

u u 
dronedarone e 

GC-1 1 

GC-24 4 DIBRT T 

H O " '' ^ ^ CI' 

K-141 1 KB130015 5 

Fig.. 9: Chemical structures of thyroid hormone agonists and antagonists. 

Thee only TRa, selective antagonist known until now is dronedarone; its in vitro 

andd in vivo antagonistic actions are described in this thesis. Dron does have 
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importantt advantages compared to AM. The thyroidal side effects caused by 

AMM induced iodine excess were not observed in humans on Dron treatment 

(35),, and AM induced hypercholesterolemia (TR/^ mediated) was not 

observedd in rats and humans receiving Dron. 

Noo TRa-i selective agonist and TR/^ selective antagonists are reported until 

noww and their clinical relevance is disputable. A TRoi selective agonist may be 

usefull in the treatment of bradycardia, when thyroid hormone parameters are 

normal,, without having an effect on lipids. However TRar-i mediated processes 

inn other organs will be up regulated as well, and the consequences of this 

activationn are difficult to predict. The clinical relevance for a TRIS, selective 

antagonistt is hard to defend. A TRIS^ selective antagonist causes 

hypercholesterolemia,, a situation that has to be prevented and not induced by 

drugs.. However, selective TRcri agonists and T R ^ antagonists can be helpful 

inn research in further elucidating TR isoform-mediated actions. 
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Summary y 

Amiodaronee (AM) is a highly effective drug against life-threatening cardiac 
arrhythmiass and angina pectoris. In a minority of patients treated with 
amiodaronee amiodarone-induced hypothyroidism (AIT) and amiodarone-
inducedd thyrotoxicosis (AIT) occur. These thyroidal side effects are due to the 
excesss of iodine that is generated during biotransformation of the drug, and/or 
cytotoxicc effects of the drug on thyroid follicular cells. In contrast, in all patients 
treatedd with amiodarone, the drug prolongs the duration of the action potential 
inn the heart, and it decreases heart rate and reduces myocardial oxygen 
consumption.. Because these cardiac changes resemble those observed in 
hypothyroidd patients, it was hypothesized that inducing a local "hypothyroid-
like"" condition in the heart is one of the mechanisms of action of AM. 
Thee studies described in this thesis are aimed to evaluate whether such a 
hypothyroid-likee condition could be explained by an inhibitory effect of 
amiodaroneamiodarone (AM) on the binding of T3 to its specific nuclear thyroid hormone 
receptorss TRah and TRfii. 

InIn chapter 2 and 3 it is described that not AM itself, but its major metabolite 
desethylamiodaronee (DEA), is an inhibitor of the binding of T3 to TRs. DEA is a 
noncompetitivee inhibitor of the binding of T3 to TR^ . In contrast, DEA is a 
competitivee inhibitor of T3 binding to the TRov From these studies it became 
evidentt that not the drug itself, but its major metabolite DEA can probably act 
ass a TR antagonist. 

Too further elucidate structure-function relationship of the interaction between 
AMM and TRs several studies were performed. In a first approach we looked at 
thee effect of changes in the amiodarone molecule itself (chapter 4). A number 
off amiodarone metabolites and analogues were evaluated to gain insight in 
whichh atoms and/or structures in the drug molecule are important for the 
inhibitoryy properties. The compounds were tested in an in vitro assay for 
bindingg of T3 to TRari and T R ^ proteins. From these studies it became 
apparentt that the size of the diethyl-side group and the two bulky iodine atoms 
inn the parent drug hamper the binding of AM at the T3-binding site. 
Somee of the tested compounds exert the same type of inhibition (competitive) 
forr both TRc^ and TR/^, whereas the mode of inhibition of other compounds is 
differentt (competitive for TRa, and noncompetitive for TRfi-,). 
Thee structure-function relationship between DEA and TR was further 
delineatedd by studying the inhibitory effect of DEA on the binding of T3 to 
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mutatedd TR#i proteins (chapter 5). From this study it became clear that TR/^ 
mutantt E457A, situated in helix12 (H12), has a greater affinity for DEA than for 
thee wild type receptor, indicating a possible binding site for DEA on the 
receptorr close to helix 12. 

Interactionss of the hydrophobic region (which includes H12) of the TRIi: with 
thee NR box of co-activators have been described. Consequently, the question 
arosee whether DEA could interfere with the binding of co-activator GRIP1 to 
thee TR/ST. TO study the protein-protein interaction between receptor and co-
activatorr a nonradioactive "Pull-Down" assay was developed (chapter 6). In 
thee presence of DEA, the T3-dependent binding of co-activator GRIP1 to T R ^ 
wass dose-dependently decreased (chapter 7). This finding indicates that DEA 
alsoo interferes with receptor/co-activator interaction, thereby probably having 
ann additional effect on T3-dependent gene regulation. 

Inn chapter 8, the inhibitory properties of a related new anti-arrhythmic drug 
dronedaronee (Dron), devoid of iodine, on the binding of T3 to the TRo^ and 
TRfi-iTRfi-i is studied. In vitro debutyldronedarone (DBDron), the major metabolite of 
Dron,, and not Dron itself has a strong inhibitory effect on the binding of T3 to 
TRcT)) (predominantly expressed in heart), but a less potent inhibitory effect on 
thee binding of T3 to TRÖ1 (predominantly expressed in liver). From the results 
off these binding studies it was hypothesized, that Dron could act as a TRa r 

selectivee antagonist. To test this hypothesis an in vivo study in rats, treated 
withh AM or Dron, was performed. Plasma cholesterol increased and liver LDL 
receptorr protein and type 1 deiodinase (D1) activities decreased in AM-
treated,, but not in Dron-treated animals; these are all TRCrdependent effects. 
Inn the heart the TRa^mediated lengthening of the QTc interval was present in 
bothh AM- and Dron-treated animals. These findings suggest that Dron, via its 
majorr metabolite DBDron indeed acts as a TR^-selective antagonist in vivo. 
Dronedaronee is the only TRa^-selective antagonist known until now and has 
importantt advantages compared to AM. Dron has a beneficial effect on the 
heartt like AM; however the thyroidal side effects caused by AM, are not 
observedd in humans on Dron treatment. In addition, the AM-induced 
hypercholesterolemiaa is not observed in rats or humans receiving Dron. 
Fromm the studies described in this thesis it can be concluded, that 
desethylamiodaronee (DEA) is a TRo^ and TR/^ antagonist, whereas 
debutyldronedaronee (DBDron) is a TRa, selective antagonist. 
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Samenvatting g 

Amiodaronn (AM) is een zeer doeltreffend medicijn tegen levensbedreigende 

hartritmestoornissenn en angina pectoris. Bij een minderheid van de patiënten 

diee met amiodaron worden behandeld, leidt het gebruik van amiodaron tot 

hypothyreoidiee en thyrotoxicose. Deze bijwerkingen op de schildklier worden 

veroorzaaktt doordat er een teveel aan jodium vrijkomt bij de afbraak van het 

medicijn,, en/of door cytotoxische effecten van het medicijn op de 

schildklierepitheelcellen.. Daarentegen veroorzaakt het medicijn bij alle 

patiëntenn verlenging van de actiepotentiaal van het hart, verlaging van de 

hartslagg en vermindering van het zuurstofgebruik door het hart. Omdat deze 

cardialee effecten eveneens voorkomen bij patiënten met hypothyreoidie, werd 

dee hypothese gesteld dat een van de mechanismen van AM bestaat uit het 

opwekkenn van een plaatselijke "hypothyreoidie-achtige" conditie in het hart. 

Dee onderzoeken die in dit proefschrift worden beschreven hebben tot doel om 

vastt te stellen of die "hypothyreoidie-achtige" conditie kan worden verklaard 

doorr een remmende werking van AM op de binding van T3 aan de specifieke 

kernn receptoren voor schildklierhormoon, TRai en TR/^. 

InIn hoofdstuk 2 en 3 wordt beschreven dat niet AM, maar zijn voornaamste 

metaboliett desethylamiodaron (DEA), een remmer is van de binding van T3 

aann TR's. DEA is een non-competitieve remmer van de binding van T3 aan 

TRfi1(( maar is daarentegen een competitieve remmer van de binding van T3 

aann TRav Uit deze onderzoeken werd duidelijk dat niet het medicijn als 

zodanig,, maar zijn voornaamste metaboliet DEA waarschijnlijk werkt als een 

TRR antagonist. 

Omm de structuur/functie relatie van de interactie tussen AM en TR's nader te 

belichtenn zijn verschillende onderzoeken gedaan. In een eerste benadering 

kekenn we naar het effect van veranderingen in het amiodaron molecuul 

(hoofdstuk(hoofdstuk 4). We onderzochten een aantal amiodaron analogen om inzicht te 

krijgenn in welke atomen en/of structuren in het medicijnmolecuul van belang 

zijnn voor de remmende eigenschappen. De analogen werden getest in een in 

vitrovitro analyse op binding van T3 aan TRc^ en T R ^ eiwitten. Uit deze 

onderzoekenn werd duidelijk dat de grootte van de diethyl zijketen en de twee 

omvangrijkee jodiumatomen de binding van AM aan de T3-bindingsplaats 

verhinderen. . 
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Enkelee van de onderzochte anatogen bewerkstelligen hetzelfde type remming 

(competitief)) op zowel TRar-i als TRd , terwijl het type remming van andere 

analogenn verschillend is (competitief voor TRcr, en non-competitief voor TR^) . 

Omm de structuur/functie relatie tussen DEA en TR verder te kunnen 

ophelderen,, onderzochten we de remmende werking van DEA op de binding 

vann T3 aan gemuteerde TR^ eiwitten (hoofdstuk 5). Uit dit onderzoek werd 

duidelijkk dat de TRtë-t mutant E457A, gelegen in helix12 (H12), een grotere 

affiniteitt heeft voor DEA dan voor de wild type receptor, waarmee een 

mogelijkee bindingsplaats voor DEA op de receptor dichtbij helix 12 werd 

gevonden. . 

Daarr er interacties van het hydrofobe gebied (waarin zich H12 bevindt) van de 

TRÖii met het kernreceptor bindingsdomein van co-activatoren beschreven 

waren,, ontstond de vraag of DEA invloed zou uitoefenen op de binding van de 

co-activatorr GRIP-1 aan TR^ . Om de eiwit-eiwit interactie tussen receptor en 

co-activatorr te onderzoeken, hebben we een niet-radioactieve "Pull-Down" 

bepalingg opgezet (hoofdstuk 6). In aanwezigheid van DEA werd de T3-

afhankelijkee binding van co-activator GRIP-1 aan T R ^ dosis-afhankelijk 

verlaagdd (hoofdstuk 7). Deze bevinding geeft aan dat DEA eveneens invloed 

heeftt op de receptor/co-activator interactie, en daarbij waarschijnlijk ook een 

bijkomendd effect heeft op T3-afhankelijke gen regulering. 

Inn hoofdstuk 8 worden de remmende eigenschappen op de binding van T3 aan 

TRo,, en TRfl-i onderzocht van Dronedaron (Dron), een nieuw medicijn tegen 

hartritmestoornissenn gelijkend op AM maar zonder jodium. In vitro heeft 

debutyldronedaronn (DBDron), de voornaamste metaboliet van Dron, en niet 

Dronn zelf, een sterk remmende werking op de binding van T3 aan JRa^ (de 

voornaamstee isovorm van de schildklierhormoonreceptor in het hart), maar 

eenn minder krachtig remmende werking op de binding van T3 aan TR/^ (die in 

dee lever de meest abundante receptor is). Op basis van deze resultaten 

verondersteldenn we dat Dron zou kunnen werken als een TRor-i-selectieve 

antagonist.. Om deze hypothese te testen hebben we een in vivo studie 

gedaann met ratten die waren behandeld met AM of Dron. In ratten die met AM 

warenn behandeld, werd een toename van plasma cholesterol, een afname van 

hett LDL receptor eiwit en verminderde type 1 deiodinase (D1) activiteit in de 

leverr gemeten. Deze TR/^-afhankelijke effecten traden niet op in dieren die 

mett Dron waren behandeld. De TRarafhankelijke verlenging van het QTc 
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intervall was aanwezig in zowel met AM als met Dron behandelde dieren. Deze 

bevindingenn suggereren dat Dron, via zijn voornaamste metaboliet DBDron, 

inderdaadinderdaad werkt als een TRoi-selectieve antagonist in vivo. Dronedaron is de 

enigee tot nu toe bekende TR^-selective antagonist en heeft belangrijke 

voordelenn in vergelijking met AM. Dron heeft net als AM een gunstige werking 

opp het hart; echter, de door AM veroorzaakte bijwerkingen op de schildklier 

wordenn niet waargenomen bij mensen die met Dron worden behandeld. Ook 

dee door AM veroorzaakte hypercholesterolemie wordt niet waargenomen in 

rattenn of mensen met Dron medicatie. 

Uitt de onderzoeken die in dit proefschrift worden beschreven kan worden 

geconcludeerd,, dat desethylamiodaron (DEA) een T R ^ en T R ^ antagonist 

is,, terwijl debutyldronedaron (DBDron) een TRa 1-selective antagonist is. 
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Dankwoord d 

Opp deze laatste bladzijde wil ik graag iedereen bedanken die een bijdrage 

heeftt geleverd aan het tot stand komen van dit proefschrift. 

Nuu zou ik klaar kunnen zijn, maar ik wil mij nergens makkelijk van af maken, 

duss vooruit dan maar, in chronologische volgorde. 

Alss eerste zou ik mijn ouders willen bedanken voor de liefdevolle omgeving 

waarinn ik ben opgegroeid. Zij hebben mij vertrouwen, vrijheid en ruimte 

gegevenn om mij te ontwikkelen en mij te vormen tot de mens die ik nu ben. 

Voorall mijn vader heeft mij geleerd respect te hebben voor de persoonlijkheid 

vann anderen, ook al is die anders dan je gewend bent. Hij heeft mij 

gestimuleerdd door te gaan met mijn werk in het ziekenhuis toen ik in april 1997 

caféé Eijlders overnam en mij daarin ook daadwerkelijk gesteund door de 

dagelijksee beslommeringen in het bedrijf van mij over te nemen. Helaas heeft 

hijj niet meer mogen meemaken dat ik het proefschrift ook echt ben gaan 

schrijven. . 

Mijnn oma bedank ik, omdat zij mij als elf jarig meisje heeft meegenomen naar 

hett laboratorium van een internist op de Koninginneweg in Amsterdam. Het 

laboratoriumm en de vrouwen die daar werkten maakten zo een indruk op mij, 

datt ik gelijk wist dat ik ook analiste wilde worden. Zij heeft mij zo, zonder dat 

zee zich er van bewust was, in aanraking gebracht met het analistenvak. 

Dee zeer geordende praktijkleraar analytische chemie (er mocht geen 

overbodigg papiertje op tafel liggen) bedank ik voor het inhameren van de 

grondbeginselenn van analytisch werken. 

Dann komt Marianne, die ik na de middelbare school op de laboratoriumschool 

weerr tegenkwam. Zij vertelde enthousiast over het gezellige lab bij de afdeling 

cardiologiee in het Wilhelmina Gasthuis. Er waren al twee volontair analisten, 

maarr na een gesprek met dr. Willebrands mocht ik als derde leerling op het 

labb van de cardiologie komen werken. Marianne, bedankt voor meer dan dertig 

jaarr vriendschap door dik en dun, dat wij al die tijd ook nog collega's waren 

maaktt die vriendschap nog specialer. Nog steeds kan ik een beroep op je 

doenn als ik hulp nodig heb bij mijn experimenten. Het is geen keuze maar een 

natuurlijkee vanzelfspekendheid dat jij een van mijn paranimfen bent. 

Ikk dank dr. Willebrands (postuum) voor mijn opleiding in de klinische chemie. 

Hijj heeft mij als een strenge vader geleerd nooit te knoeien in getallen 
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(doorstrepenn en opnieuw opschrijven), hoe met kwaliteitscontrole om te gaan 

enn getallen pas door te geven als je er voor honderd procent achter staat. 

Prof.dr.. van der Helm en dr. Elly Hische (postuum) van het laboratorium 

neurologiee en psychiatrie van het Wilhelmina Gasthuis dank ik voor de 

gelegenheidd die ze mij gegeven hebben de HBO-B research-opleiding op hun 

laboratoriumm te doen. Zij bevorderden mij op mijn vierentwintigste tot 

hoofdanalistee van het routine-laboratorium en voor dat toen in mij gestelde 

vertrouwenn ben ik nog altijd dankbaar. Zij hebben mij tevens gestimuleerd de 

onderzoeksrichtingg in te gaan. 

Tantee Beel en mijn zus Cobi dank ik voor het feit, dat zij er samen met mijn 

moederr altijd waren om Anouck, Guido en later Joan op te vangen. Als ik les 

gingg geven op de analistenschool in het O.L.V.G. of als ik zo nodig weer een 

cursuss moest volgen, kon ik op hen rekenen. 

Professorr Wiersinga, beste Wilmar. Jij belde mij op een zondagavond begin 

januarii 1983. Je vertelde datje subsidie had gekregen van de Nederlandse 

Hartstichtingg en dat je op zoek was naar een research-analiste en via via bij 

mijj terecht was gekomen. Maandag 17 januari 1983 deed ik mijn eerste 

amiodarone-experiment.. Ik dank jou voor alles wat ik in die jaren van je 

geleerdd heb. Je nooit aflatende belangstelling voor het werk en de persoon 

achterr het werk maken het prettig om voor je te werken. Jij hebt mij de 

gelegenheidd gegeven zelfstandig met het amiodarone-onderzoek door te gaan 

enn je hebt mij gestimuleerd te gaan schrijven. Ik zei: "Dat kan ik niet". Jij zei: 

"Beginn maar, ik help je wel". Ik heb het als een plezier en een groot voorrecht 

ervarenn dit proefschrift onder jouw supervisie te mogen schrijven. 

Ronniee Hartong, ik kon al een beetje koken, maar jij hebt mij echt in "de 

keukenn van het onderzoek" laten kijken. In de jaren dat ik samen met jou en 

Margreett werkte aan het amiodarone-onderzoek, heb ik veel van je geleerd en 

wee hadden het ook nog heel gezellig. Samen met Margreet was ik jouw 

paranimf.. Dank je dat je vanuit Madrid naar Amsterdam wilt komen om nu mijn 

paranimff te zijn. 

Doctorr Bakker, beste Onno. Ik dank je voor je samenwerking, voor je hulp bij 

hett schrijven van de artikelen, voor je originele en slimme ideeën, en voor je 

gezelschapp tijdens de interessante en inspirerende Keystone meetings in 

Amerika. . 
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Doctorr Boelen, lieve Anita. Fijn dat je weer terug bent, na een paar jaar RIVM. 

Jee doortastende en efficiënte manier van aanpakken maken het prettig met je 

samenn te werken en met je te overleggen. Ik dank je voor je interesse in mijn 

werk,, in mijn persoonlijke leven en voor al het mooie uitje eigen leven. 

Doctorr Ackermans, lieve Mariëtte. Ik dank je voor de computerinstructies toen 

ikk nog digibeet was en voor menig uurtje geklets over de gebeurtenissen in 

onzee families. 

Proff de Vijlder, beste Jan. Ik dank jou voor je enthousiasme, je adviezen en de 

jarenlangee interesse in mijn werk. Carry en de mensen van de afdeling 

kinderendocrinologiee dank ik voor de literatuur en research-besprekingen op 

maandagochtend,, die ik een aantal jaren bezocht heb. 

Hartelijkk dank aan Erik Endert, llonka en alle collega's van het 

endocrinologischh laboratorium voor het meten van de schildklierhormonen in 

hett plasma van de proefdieren en voor de collegialiteit in de afgelopen 20 jaar. 

Allee collega's, te veel om op te noemen, maar een paar oudgedienden wil ik 

niett overslaan. Margreet en Nel, ik dank jullie voor de samenwerking in de 

eerstee jaren. Wayne, Theo, Henk en Louis, als ik jullie iets vraag komt het in 

ordee (nog steeds). Ruud, Marja, Marjo, Arja en Henny, altijd fijn om een 

praatjee met jullie te maken. 

Dankk aan allen, die de afgelopen jaren hebben deelgenomen aan het mooiste 

uurtjee van de week, onze wekelijkse research-bespreking op dinsdag 

(aanwezigheidd heeft de hoogste prioriteit). Mark, Eric, Jantien, Bente, Thea, 

Anneke,, Nathalie en alle anderen, bedankt voor jullie bijdragen aan de 

discussiess over mijn werk. 

Iris,, jou moet ik toch apart noemen. Door je speciale positie (opleiding tot 

internistt en promotie-onderzoek) kwam je met regelmaat voor langere tijd 

terugg op het lab. In die periode heb ik veranderingen in je leven van dichtbij 

mogenmogen meemaken. Het was mij een genoegen laatst op je prachtige dochter 

tete mogen passen. 

Marga,, ik dank jou voor je hulp bij het maken van tabellen, dia's en andere 

zakenn waar ik niet alleen uitkwam. Het is altijd leuk om bij jou en Renee op het 

secretariaatt langs te gaan. 

Verderr dank ik alle AIO's en studenten, die het voor Marianne en mij makkelijk 

makenn ons jong te blijven voelen. 
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Daphne,, Leon en Behrouz, jullie gingen mij voor op de weg die naar promotie 

leidt.. Met al die verschillende persoonlijkheden en de geregelde aanwezigheid 

vann gasten viel het soms niet mee in het oude (te) kleine lab. Ik dank jullie 

voorr jullie positieve instelling, collegialiteit en gezelligheid (ook tijdens de 

congressen).. Succes in jullie verdere loopbaan. 

Joan,, heerlijk om een jonge energieke collega te hebben, die "alles" weet van 

PCRen.. We werken nog niet zo lang samen, maar het voelt wel heel 

vertrouwd.. Ik dank je voor je kritische inbreng, je mee-leven bij de 

experimenten,, je hulp als het nodig is en je prettige aanwezigheid in het lab en 

opp onze kamer. 

Alss alles dan geschreven is moet het document nog worden klaargemaakt 

voorr de drukker. Ik wil Roos hartelijk bedanken voor het vele vele werk dat ze 

verrichtt heeft om het boekje er zo prachtig uit te laten zien en voor haar 

correctiess in de Nederlandse teksten. 

Gerda,, dank je voor het minutieus vergelijken van mijn files met de gedrukte 

artikelen. . 

Ikk dank Ben Kanters voor het prachtige schilderij van de Januskop, dat hij 

speciaall voor mij geschilderd heeft. 

Pascal,, bedankt voor het digitaliseren van de Januskop. 

Eenn cafébedrijf leiden en tegelijkertijd een proefschrift schrijven is eigenlijk 

gekkenwerk.. Dat het toch gelukt is, is ook omdat ik Eijlders in vertrouwde 

handenn kan achter laten. Dank aan de avondmannen Bart, Mischa, Patrick, 

Ronn en Roy, en de middagdienst Daan, Dick van Tongeren en (kleine) Dick. Ik 

dankk Patrick voor de dingen, die hij mij uit handen neemt in de dagelijkse 

leidingg van het bedrijf. 

Lievee Anouck, Guido en Joan. Door mijn drukke leven was ik er vaak niet voor 

jullie.. Hoe dan ook, jullie hebben je ontwikkeld tot prachtige, zelfstandige jonge 

mensen.. Ik ben heel blij met jullie. 

Zoalss het hoort als laatste Pietje. Je te bedanken voor je steun tijdens het 

schrijvenn van het proefschrift zou hypocriet zijn, en daar hebben we allebei 

eenn hekel aan. Ik wil je wel bedanken voor het gestand houden van de enige 

belofte,, die je mij ooit gedaan hebt, meer dan twintig jaar geleden: 

"Geenn dag zal hetzelfde zijn". 
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Stellingen n 

11 Amiodaron is zowel een schildklierhormoon receptor-ai (TRa^) als 
eenn schildklierhormoon receptor-/?! (TR/SO antagonist. 
DitDit proefschrift 

22 Dronedaron is een schildklierhormoon receptor-of! (TRcri)-selectieve 
antagonist. . 
DitDit proefschrift 

33 GC-1, een TR& agonist, verlaagt plasma cholesterol, plasma 
triglyceridenn en lipoproteïnen sterker dan statines. 
TrendsTrends Endocrinol.Metab.2004;15:154-7 

44 Mono- en diiodothyronines, tot nu toe gezien als louter inactieve 
afbraakproductenn van het actieve schildklierhormoon T3, kunnen wel 
degelijkk biologische relevantie bezitten. 
Mol.Mol. Cell Endocrinol.2003;213:1-11 

55 Bij geavanceerde technieken, zoals de meting van mRNA middels 
Reall time PCR, is de eenvoud van de praktische handelingen in 
onverwachtt contrast met de kennis en ervaring nodig voor 
interpretatiee en kwaliteitscontrole. 

66 Vaak is in vivo onderzoek bij intacte proefdieren noodzakelijk om 
hypothesess gebaseerd op in vitro waarnemingen te valideren. 

77 Te veel regels verstikken het persoonlijk initiatief. 

88 Jong moeder worden is goed voor moeder en kind. 

99 Een goed kind regeert zichzelf. 
MijnMijn oma 

100 Schoon glaswerk is essentieel voor de uitkomst van een analytisch 
experiment,, evenals voor het tappen van een goed glas bier. 

Stellingenn behorende bij het proefschrift 

"Amiodaronee and thyroid hormone receptors". 
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