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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). 

4 4 



Introduction n 

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 
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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. 
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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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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 
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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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