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H202 generation is limiting the oxidation and binding to proteins 
of iodide. In dcg thyroid slices thyrotropin and carbamylcholine 
greatly enhance protein icdination and H202 generation. The action of 
thyrotropin is mimicked by dibutyryl cyclic AMP and forskolin which 
suggests that it is mediated by cyclic AMP. The action of carbamylcho- 
line was mimicked by ioncmycin and by phorbol myristate ester. This 
suggests that the effect of carbamylbline is mediated by the two 
intracellular signals generated by the Ca'+ phosphatidylinositol 
cascade : Ca++ and diacylglycerol. 

The Wolff-Chaikoff effect is the inhibition by iodide of its cwn 
organification. In dog thyroid slices, iodide greatly inhibited H202 
generation stimulated by thyrotropin and by carbamylcholine. Iodide 
decreased the production of intracellular signals induced by TSH and 
carbamylcholine but it also inhibited the action of probes of these 
intracellular signals (dibutyryl CAMP, forskolin, ion3nycin, phorbol- 
myristate ester) on the H202 generating system itself. These effects 
were suppressed by methimazole an inhibitor of iodide oxidation. 
0 1988 Acildemlc Press, 1°C. 

The entire metabolism of iodide in the thyroid gland is set to 

make the most efficient use of scarce and intermittent supplies of 

iodide. When this supply becomes abundant, adaptation mechanisms, 

i.e. negative feedbacks, reminiscent of the end product inhibition and 

repression of pathways in bacteria, reduce this metabolism. Themost 

irranediate negative control is the inhibition by iodide of its own 

oxidation: the "Wolff-Chaikoff" effect (1). Iodide oxidation and 

binding to proteins require a thyroperoxidase and a still undefined 

H202 gtmerating system. As iodide in excess inhibits its binding to 

ABBREVIATIONS 
Cc&l :: carbamylcholine; TSH: thyroidsttilatinghormone;Methi : 
methimazole (2-mercapto-l-methyl-imidazol); HEPES : 
4-(2-hydroxyethyl)-1-piperazine sulfonic acid: DBcA : dibutyryl cyclic 
adenosli 3'5' mornoptisphate, TPA : tetradecanoyl phorbol acetate: 
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tymsine by thyroperoxidase through conpetition with this aminoacid, 

it has been assumed until m that this effect in acellular systems 

accounts for the in vivo effect. We show here that iodide greatly 

inhibits the rate limiting step of its oxidation in the intact thyroid 

cell i.e. H202 generation. This mechanism is sufficient to explain 

the "Wolff-Chaikoff" effect. 

MATERIALSANDMETHODS 

Horseradish peroxydase type II, hanovanillic acid, phorbol 
myristate ester (TPA) were purchased frun Sigma Chemical Co (St Louis, 
MO, USA), carbamylcholine from K and K (Plain View, NY, USA), 
ionctnycin fran Calbiochem-Behring (La Jolla, CA, USA), forskolin fran 
Hoechst Pharmaceuticals (Banbay, India), bovine TSH (thytropar) from 
Armour Pharmaceutical Co (Phoenix AZ, USA), catalase and dibutyryl 
cyclic AMP from Bcehringer Pharma (Mannheim, Germany). H202 
production was estimated according to the method of Benard and Brault 
(2) based on the conversion of the non fluorescent substrate, 
hcsovanillic acid to a fluorescent derivative in the presence of H2C2 
andperoxidase. Dogthyroidswere slicedatrcantemperature and 
incubated at 37°C in 2 ml Krebs Hepes buffer pH 7.4 supplemented with 
glucose 5 x 10s3M and bovine serum albumin 0.5g/l. For H2C2 
measurements thyroid slices (30-50 mg) were always preincubated lhr, 
thentransferredto freshmediumcontaininghorseradishperoxidase 
type II O.-/ml, hcn-ovanillic acid 4.4 x 10m4M and various agonists. 
Slices were incubated 90 min and at the end of the incubation, the 
medium was collected on ice and its fluorescence measured in a Perkin 
Elmer LS3 fluorimeter ( >excitation 315 nM,Xemission 425 nm). 
Fluorescence is stable for several hours at 4°C. Basal and stimulated 
H2O2 generation are linear up to three hours and inhibited by more 
than 80% by catalase (36.OOOU/ml). For the study of iodide action, to 
avoiddirecteffects ofoxidizedicdineonthemeasuri system 

% slices were preincubated two hours with iodide (5 x lo- ) then 
submitted to four 15 min washes to remove iodide in excess and finally 
transferred in appropriate medium for H2C2 determination for a 90 min 
incubation. For the measurement of iodide incorporation into 
proteins, slices were incubated for 120 min in medium supplemented 
with KI (lob7 to 10T3M) and 1131 
methimazole solution (2 x lo-3M). 

(0.5uc/m.l) and hamgenized in a 
The proteins were precipitated with 

5% trichloroacetic acid and counted in a well type Packard autcgamna 
counter (3). Data were e.xpressed as pimles of iodide organified 
per 100 mg wet weight tissue x 2h. Results are expressedasmeans + - 
SEM of triplicates in one typical experiment out of three. 

RESULTS AND DISCUSSION 

In the presence of increasing concentrations of iodide, the 

incorporation of iodide in proteins (expressed as picomoles iodide 

organified/lOO q tissue 2 SEM) exhibits a biphasic curve with a 

decrease above a concentration of 10e4M (fig. 1). This result 

correwnds to the classical in vivo observed Wolff-Chaikoff effect. 

In acellular system, H202 generation is limiting the oxidation and 

bindingoficdidetoproteins. In isolated thyroid cell catalase 

greatly inhibits iodination (4,5). As already shown previously (6,7) 

1288 



Vol. 154, No. 3,1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

o-L& 10-6 0 10-5 10-L 10-3 0 2 C TSHl TSHlO OBcA FK Cchol lono TPA 
KliMl S.d+M 16'M 16'1.1 5x&M 5xd'M 

1. Fig. Effect of increasing ccncentratiansoficdideinthemediun 
on iodide organificaticm in dcg thyroid slices. The slices were 
incubated two hours in presence of iodide (10S7M to lo-?'M). 

Fiq.2. Effect of thymtropin lmU/ml (TSHl), 10 M/ml (TSHlO), 
?&utyryl cyclic A&P 5 x 10% (DEW+), Forskolin 10% (FK), 
Carbamylcbline 10% (C&h), Icrxmycin 5 x 10% (Iom), Tekadecamyl 
phorbol acetate 5 x 10% (PA) cn H$+ generation in dcg thyroid 
s1:ices. 
C :: contil. 

addition of exogenous H&7 or a system generating H&7 greatly 

increases iodide binding to proteins in slices. For a concentration 

of 4 x 10S5M iodide,the additim of 14 mu/ml D-aminoacid oxidase and 

4.5 mg/'ml D-alanine increases the incorporation ratio from 7% in the 

controls to 19% in dog thyroid slices (8). Thyrotropin 10 mu/ml and 

carbmnylcholine 10-5M which both greatly enhance iodidebindingto 

proteins in dog thyroid slices also greatly stimulated H2U2 generation 

(fig. Z!). Thus,ina greement with a previously stated conclusion (9) 

H-$9 gwxraticm is limiting protein iodination in dcg thyroid slices 

as well as in acellular systems. We have shown previously (3) that 

the sthulation of protein k&nation by thyrotropin is mediated by 

cyclic AMP. It is mimicked by the general adenylate cyclase activator 

forskolin and cholera toxin and by cyclic AMP analques and inhibited 

by a cyclic AMP antagonist (10,11,12). Therefore, as expected, 

forskolin and dibutyryl cyclic AMP mimicked the effect of thyrotropin 

on H202 generation (fig. 2). 

The stimulation of protein iodination by carbamylcholine, an 

activator of the phosphatidyliraositol cascade is mediated by 

intracellular free Ca++ and to sane extent by diacylglycerol. It is 

mimicked by a high extracellular calcium concentration, as by 

ionqhore A23187 in the presence of calcium, and abolished by 

inhibitors of calcium channels and in Ca++ depleted slices (13). It 

is also activated by phorbolesters and diacylglycerol (14). The H202 
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generating system in isolated membranes of pig thyroid is also 

activated by CA++ (15). Similarly H2CQ generation by calf thyroid 

slices (16) and by porcine open follicles (17) is stimulated by ~23187 

and inhibited in the absence of Ca++. In dog thyroid slices the 

effect of carbamylcholine was also mimicked by ionanycin, a divalent 

cation ionophcre and by phorbol myristate ester, a pharmacological 

probe for diacylglycerol regulated protein kinase C (fig. 2). Iodide 

inhibits both TSH induced activation of adenylate cyclase (18,19) and 

the carbamylcholine induced stimulation of inositol phosphates 

generation by phospholipase C (20). As these inhibitory effects are 

relieved by methimazole, a drug inhibiting thyropmxidase and the 

oxidation of iodide, they have been ascribed to an unidentified 

postulated inhibitor(s). H202 generation in response to thyrotropin 

and carbamylcholine is also inhibited by iodide (fig. 3). The effects 

of iodide are already significant at 3 x 10~%Y and increase up to 

lo-4M (not shown). They were both relieved when methimazole was added 

with iodide during the preincubation. Thus iodide, in anoxidized 

form, inhibits the rate limiting step in its oxidation : H202 

generation. This inhibition is sufficient to explain the 

Wolff-Chaikoff effect. 

Although, other supplementarymechanislns arenotexcluded, itisworth 

pointing out that inhibition of protein icdination by thyroperoxidase 

in vitro, requires very high unphysiolcgical concentrations of iodide 

3500 1 

(10d3M or aore) (21,22). 

C TSH Cchol 

0 
C TSH OBcA FK 

IOmulml IO-5M 4 lmuiml S&'M 10-5M 

3. Fig. Inhibitory effect of iodide on Hz@ production in dog thyroid 
slices stimulated by thyrotropin 10 mU/mI (TSHIO), or carbamylcholine 
lo-5M (c&A). Ki 5 x lob5 M was present during the two hours 
preincubaticn with or without methimazole lo-% (METHI). C : control. 

4. Fig. Inhibitory effect of iodide on Hz@ production in dog thyroid 
slices stimulated by thyrotropin 1 mu/ml (TSHl), Dibutyryl cyclic AMP 
5~10% (D&A) and Forskolin lo-%l (FK). KI 5 x 10~%I was present 
during the two hous preincubation with or without methimazole 10-4~ 
(=I). C : control. 
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Fig.@. Inhibitory effect of iodide on Hz02 production in dog thyroid 
vices stimulated by carbamylcholine 10-k (C&ml), Tetradecamyl 
pimrbol acetate 5 x lO%l (TPA), Iornnycin 5 x lo-%! (10X0). KI 5 x 
lo-51wa.s present during the txmhours preincubationwithorwittmut 
methimamle lO%l (METHI). C : control. 

Fig.6. - Regulation of icdination in dog thyroid slices 
-- j psitive controls, stiniulatim 

II 
site of inhibition by an oxidized derivative 
of iodide 

TSH thyroid stimulating hormme 
CAMP cyclic ad-sine 3'5' monophosphate 
Ach acetylckQline 
DAG diacylglycerol 
Ca++ calcium 
TPA tetradecamylphortmlacetate 
DBcA dibutyql cyclic ademsine 3'5' mnopkxphate 

The inhibition of Hz02 generation by iodide in thyrotropin or 

carbamylcholine stimulated dog thyroid slices bears at the level of 

intracellular signal generation but also on the action of these 

intracellular signals. Hz@ formation stimulated by activation of the 

cyclic AMP cascade by forskolin, downstream of the receptor or by 

dibutyryl cyclic AMP, wtream of cyclic AMP accumulation was also 

inhibited by iodide (fig. 4). Similarly, the action of pl-xxbol 

myristate ester (TPA), a phanmcolqical analcgue of diacylglyceml, 

as well as iormycin, a probe of Ca++ responding systems, were also 

inhibited by iodide (fig. 5). All these effects of iodide were 

relieved by methimazole. They were of lower magnitude than those on 

slices stimulated by the extracellular signals thyrotropin and 

car~~lcholine. Iodide therefore inhibits Hz@ formation and thus 

its 0~11 oxidation, through unkncwn oxidized derivative(s) at both the 

level of intracellular signal generation (cyclic AMP, Ca++ and 

diacylglycerol) and of their action on the target system (fig. 6). 
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and C. Massart and W. Wasteels for their excellent technical 
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