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Generall discussion 

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 270 

[AA QGSHWKiFP 
AA QGSHWKqKp 

2300 2 40 

IITPAITRWW DFAKKLPHFS 
IITPAITRWW DFAKKLPMP|C 

2800 290 

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. 
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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 

152 2 



Generall discussion 

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, 
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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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