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ínhibítory Action oí lodothyronínes on the 
Thyroid. Possibie Role in the ÁutoreguSatory 
ñ/íechanism
fiíí.A. PiScsrev, G.d. Juvena!, and D.L. Kieiman da P is 3 rcv

Iodine ame'.iorates Graves disease symptoms and reduces goitei si/e. 
Many authors have ana'.yzed the action of iodinc on difieren: ihyroid 
parameters. and their results have been the subject of several reccnt 
rcvic\vs [ !—31. W c have bcen interested. during the last decade. ¡n the strdy 
of the mechanisni of action of iouine on thyroid growth and relatcd bio- 
chemicai para:neters. Our initiai studies in vivo showed that the adminis­
traron of potassium iodide reduces the goitrogenic action and tiie stinmia- 
tion of protein synthesis induced by TSH , cA M F. and cG M I’ in mico ¡4J. 
Further in vitro studies. showed that K ! produces a 5()'7f inhibition of 
sH-!cuc¡nc incorporalion into protein. This effect is organ spoeific and is 
mediated by an inlraeeüular and organic iodocompound. and it affeets the 
forma'.ion of the protein backbone of thyrogiobuÜr,, but no¡ its glycov, !a- 
tion. Moteovcr, iodothyronincs were found not only to miniic the iniiib- 
itory action of K ¡ but aiso to be more poteni, on an cqnimolar basis. than 
that compour.d [5j.

More i ecently we have examined the regulation of RN A  in ca!f thyroid 
sliees. K ! also inhibits the incorporation oPH-uridinc and oP-P into total 
thyroid RN A . These actions of K.1 were blocked by the simultaneous 
addition of KCIO.i or M M i. again indicating that an intracetli:lar and or­
ganic iodocompound is involved. Thyroxine mimicked the inliibitory effect 
of K I [6].

• Later we tried to determine at which step of RN A  synthesis the inhib- 
itory action takes place. When the uptake oPH-uridinc by caif sliees wa.s 
measured, no significant decrease was observed under conditions vn'iere 
RN A  specific activity was significantiy decreased. Moreover. K ! did not 
affect the :1H-inulin distribution space. A possibie action at the step of 
nucleotide phospiiorylation was then sought.and no significant chango was 
found. As a third possibility, we explored the action of K l on the degrada-



tion rate o f  R N A , but no differences between Controls an d  the  Kl-treated 
slices was found [7J. From these results we suggested that the  a c t ion  of K í 
and iodothyronines might take place at a transcriptional step, a possibility 
that is being explored ¡n our iaboratory. Moreover, K I inhibited the stimu- 
latory action of cA M P and cG M P on :!H-uridine incorporation into RN A , 
indicating that the locus of its action is distal to cyclic nucleotide formation 
17¡. This llnding agrees with the results obtained by Friedman et al [8] and 
by Delbauffe and Pavlovic-Hournac [9) when the action on thyroid protein 
kinase activity was studied. It should be mentioned that other groups have 
also shown that iodine inhibits cyclic A M P  formation as well [ 10— 12], 
indicating that it tnay have an action a! more than one site.

Another important point relates to the nature of the intermediate(s) of 
indine action. As mentioned before, we found that iodothyronines nót only 
mimic the inhibitory action of K l but also are more potent, in equimoiar 
amounts ¡6,7]. This finding supports the idea that these compounds may be 
the organic intermediates (X I compound of Dumont et al [ 13J) , playing a 
role in thyroid ;uitoregulation.

However, the possibility that iodothyronines could be dehalogenated 
intrathyroidally and the iodine thus originated converted to some other 
iodocompound had to be exciuded. This hypothetical unknown substance 
liad to be lormed in very minute amounts inside the thyroid cell and 
therefore liad to have a very high biologic activity to account for the 
inhibitory effects that we and others had observed.

EXPERIMENTS

To study this hypothesis. two tvpes of experiments were designed. In 
one series, the inhibitory action of T :1 and T., on R N A  synthesis was 
e.xamined in the presence of 1 mM PTU  or M M !. As shown in Figures 1 and 
2, the significan! inhibitory action of T.i and T :¡ was not altered by the 
simultaneous addition of M M I or PTU . These results strongly suggested 
that iodothyronines have a dircct action on the thyroid, manifested even 
when ager.ts that block iodothyronine synthesis are employed.

To confirm our hypothesis, we studied ¡he metabolism of labeled T.¡ 
under the experimental conditions in which it is known to inhibit protein 
and RN A  synthesis. Calf thyroid slices were incubated with 12r,I-T.t and, 
after 60 minutes, homogenizcd and analyzed by paper chromatogra- 
phy. Three dit'ferent solvent systems were employed: B E A :  n- 
butanol:ethanol:0.5 N amrnonium hydroxyde (5 :1 :2 ;v/v);BA W :n- 
butanol:ace!ic acid: water! 138:5:6;v/v); and hexanertertiary amyl alcohol:2 
N amrnonium hydroxyde( l:5:6;v/v) (14J . As shown in Figures 3. no signifi- 
cant dchalogenation of the l2T-T:t occurred under these experimental con- 
ditions, ag.iin supporting the view th;it T :, itself is acting on the thyroid.
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Fig. I. Calf thyroid sliccs were incubatcd in K R B  at 1TC  under 95% Oa +5% I lio 
solvcnts used to prepare P T U  or theiodothyronincs. were addcd in ¡he control sliccs; PTU  at I 
m M , T :l at ! /xM, or PT U  plus T :l or T.,. A ftcr 30 minutes of incubation a tracei dose of 
:iH-uridine was added and the sliccs were pulse-labelcd for 60 minutes. R N A  was cxtractcd 
according to the technique of Munro and F leck. as previously described |36¡. liacli coliiinn 
represents the average of four sliccs ± I SD . Statistics were calculated according to Studcnl s 
t-tcst.
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Fig. 2. Experimental conditions were the same as thosc described for Figure i. M M I was 
usedat I m M . and theT 4concentraron was I0~5 M. F.ach valué isthe average offour.sliccs j  i 
SD . The significante of the differences was analyzed according to Students l-ltitl. liolti 
groups incubatcd with T , or T , + M M I were significantly dilTcrent (p<ü.00l), when compared 
to the control sliccs.
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I ig. V C alf ihyroid slices wcre incubatcd with and uithout 1 mM PT U  under the same 
conditions as dcscribed for Figure i. A nacer dose of was addcd. At the end of the
incubation (60 minutes) the slices were homogenized in 1 m¡ of ! mM P T U . Distribution of 
labcled compounds was analy/ed by paper chromatography with three difieren! solvent 
Systems: a. ascending chromatography with BH A  (n-butanol:ethanol: 1 N ammonium hy- 
droxide. 5:1:2.v y); b. B A W  (n-butanol:acetic acid:water:l38:5:6:v/v); and c. descending 
development in he\ane:tcrt¡ary amyl alcoho!:2 N ammonium hydroxide (l:5 6 :v \ ). The 
dottcd üne reprcicnts the resulís obtained with the 1 -’I-T ; betore incubation. Solid lines 
conespond to huir slices .* ! SD  from slices incubatcd with an J without I mM ¡’T U .



I ater we tried to determine wheíher ’T:t enters into the thyroid cell and. if 
so. what ¡he characteristics of its entrance are. The 17M ratio '\as mea- 
suied after different times of incubation at two temperatures: 37°C and 
0!,-4°C. The T/M valúes for labelled T:i rose progressively with time ¡rom an 
initial valué of 2 and reached a platean (T/M valué of 12-13) after 20-40 
minutes. This process is temperature dependent, being higher at 37°C than 
at 0°-4°C. The addition of increasing amounts of coid T :1, from 10 " M to 
10"5 M, caused a Progressive decrease in the T/M valúes. Morcovcr, I .-Ti, 
M1T, D1T, or K I failed to alter the entrance of T i into the cell. These data 
suggest that a highly specific mechanism is involved in this process [ 15¡.

The influence of some other compounds was examined as well. The 
results indicated that the entrance of T :1 into the thyroid does not depend on 
A TP, RN  A. or protein synthesis, and that it is not related ¡o the activity of a 
membrane-linked ATPase. However, actinomycin D and cycloheximide 
produced an increase in T :i entrance, and this could be due toa nonspecific 
effect or to irihibition of the synthesis of a repressing protein. Both cycüc 
A M P  and cyclic G M P increased T :1 uptake [15J.

The subcellular distribution of 125I-T:t was also studied. Calf thyroid 
slices were incubated for 90 minutes in K R B  containing the labeled hor- 
mone; with and without coid l ’:¡ at 10 5 M. The percentage of subcellular 
distribution was compared. As shown in Tabie i, most of the labeled 
hormone was found in the 20,000 supernatant. The amount of I23I-T;| in the 
nuclei was less than 1%, and in this purified fraction there was a highly 
significant decrease in the percentage of radiactivity when the slices were 
incubated with coid T :¡. From this and previous results, w(e conclude that 
labeled T :¡ is taken up by the thyroid celi in a specific manner and that there 
is a specific locali/ation of the hormone in the cell nuclei.

To confirm the physiologic relevance of our findings. we studied the fate 
of !-5I in calf thyroid slices under the same experimental conditions. 
Nuclei were purified from slices incubated with a tracer dose of ‘-’l. 
Percentage distribution of the isótope showed that 0.5-1.5% of the 12r’l was 
localized in the nuclei. The na ture of the labeled compounds was analyzed 
by paper chromatography. As shown in Tabie I I , 5-6% of the radioactivity 
corresponded to labeled T ;t and approximately 3% corresponded to labeled 
T.t. These results show that, under physiologic conditions, ‘-5! is converted 
into iodothyronines and that these compounds are partially localized in the 
nuclei.

We have also studied the relationship between the biologic activity and 
the chemical structure of different derivatives. Although the number of 
compounds tested is iimited, some conclusions may be drawn. The amino 
acid side chain can be replaced by an acetic or propionic group without ioss 
ot its inhibitory action. However, when a formic group is placed instead. 
almost no inhibition of R N A  synthesis occurs. lodide can be replaced by



T A B L K  ¡. Subceüular Dislribution of 1 - I-T:1 in Culf Thyroid Sliccs

Percent distríbution in total homogenate

Subceüular fraction ,24I-T:> l2r’I-T,+ 10 5 M T :,

20.000 g supernatant 64.0 ± 2.0 60.1 ± 0.7
20.000 g pellet 20.5 ' ± 2.0 22.6 ± 1.8
Nuclear supernatant (2.1 M sucrose) 10.2 ± 0.5 1 1.6 ± 0.6
First nuclear w.ish 4.5 ± 0.4 5.1 ± 1.2
Second nuclear wash 0 6 ± 0.4 0.5 ± 0.2
Purificd nuclei 0.2! ± 0.07 0.11 ± 0.02

‘ i’ ■ 0.05 when compared to sliccs incubatcd without ci'ld I.i. Beef thyroid sliccs 1.5 gms were 
incubatcd in quadrupiicatc in K R B  at 3 T C fo r 60minutes with a traccrdosc oflabeled T :l. with 
and without coid !0 5 M T :1. The sliccs were extensively washed and homogenized in 0.32 M 
sueroso. 1 n i i v i  MgClj. T R IS-H C I 20 mM pH 7.4. I mM DTT. The 800 g pellet was centrifuged 
ai 50,000 g in 2,1 M sucrose in the same buller containing 0.5 mM P M S F . Purificd nuclei were 
waslicd *vi!ti 0.25 M sucrose. thc first time with 0.5/f Tritón and the second time without it. 
Hach valúe is  the average ± I S I).

T A B L K  !¡, 1 '! !)is!r¡hution in Thyroid Slices

'/( Distribution in chromatography of nuclei

Experiment I in nuclei T i T i

A 1.40 ± 0 .3  5.6 ± 2.8 1.5 ±1.2
B 0.35 ± 0.16 5.8 ±0.1 3.0 ± 0.6
C 0.72 ± 0.18 4.5 ±1.3 2.1 ± 0.5

Slices were incubatcd for 90 minutes tinder the same conditions dcscribed in Table 1.

chloride in thc T.¡ and T., moiecule, with fu!! conservation of the activity; 
however 3,3' diiodothyronine, or ¡ts isopropyl derivative, were devoid of 
action. Ofgreat interest are the observations regarding D IM ITand  D IS B IT  
(kindly provided by Dr. G .N . Burrow, Toronto. Cañada). While D IM IT  
had a very potent activity, D IS B iT  showed on!y margina! effeets [ 15]. This 
observation f ti 11 y coincides with íhe results of Comité et a! [!6|, whofonnd 
that D IM IT  has a very potent antigoitrogenic action in the rat, whereas 
D ISB ! !’ is v.eak in this respect.

1 inally. the existence of specific binding sites for T :i in calf thyroid 
nuclei was examined. Purined nuclear preparations showed specific bind­
ing, which was linear with increasing amounts of nuciei. The binding
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Fig. 4. Calf thyroid was homogcnizcd in 0.32 M sucrose in T R IS-H C I 20 m M , |>H7 4, I mM 
M gClj, ! mM DTT. T h e 800 g pcllct was resuspended in 2.1 M sucrose ¡n ihc same bulYer, plus
0.5 mM PMS1-, and the 50,000 g pellct was washed with 0.25, M sucrose with 0.50í  Tritón 
X-100 and without ¡t. once cach. Purificd nuclci wcre incubated ¡n 0.25 M sucrose, 20 mM 
T R IS-H C I (pH7.8). 1 mM MgCI», I mM CaC lj, 2 mM D T T  with *"l-T , tur lwo hutirs al 20 T, 
with shaking.

reached aplateau after 90 minutes of incubaíion at 20?C. Addition oí coid T;i 
displaced ,25I-T.j from its binding sites, and T., and D IM IT  had a ratich 
weaker capacity to do so (Fig. 4).

D is cu ss iO N
Iodine plays an important role in the production and involtition ol’goiter 

[1-3]. Previous studies from our laboratory, and from otheis. havc shown 
that iodine inhibits a number of biochemical parametcrs |3), and many 
investigators have agreed that an intracelluiar and orgatiic Ínter jnediaíe 
plays a role in this action. I he possibility that iodothyronines might be stich 
intermedíales has been both supported and negated |see 3|. Severa! íactwis



can account for íhesc discrepancies, namely, iodine intake, in vivo or in 
vitro conditions, etc. The main drawback of in vivo studies lies in lite 
difficulty involved in differentiating an inhibition of pituitary TSH  from a 
direct action on ¡he thyroid. Only in vitro studies, iike those presented 
here, should be used to show a direct action on the thyroid. Our resulls 
demónstrate tiiat iodothyronines not only mimic iodide action butalsoare 
more potent than ¡he halogen itself [5-7]. The findings that T :1 and Ti exert 
their inhibitory action in the presence of PTU  or M M I, as well as the lack of 
an importan! T :, dehalogenation under the sanie conditions, demonstrates 
that ihc‘-e compounds have an action per se, without being converted to 
some other subslance. There is an active uptake of T i by the thyroid cell, 
and the hormone is specifically localized in the nuclei. Moreover, the 
honnoiu- tlius localized may come either from the extracellular space or 
Irom the T ;! originated from the uptake of iodide intracellularly, as shown 
by the studies performed with l25I. This suggests that the short loop feed- 
bat k mechanism in the thyroid may arise both from circulating iodothyro­
nines and from those generated inside the cell. In this sense, it is important 
to note that the concentrations of T i and T, that we have used ítre within the 
intnu elhilar physiologic range reported by severa! dífferent authors 117- 
20). l ite finding that T¡ is specifically localized and bound in the nuclei 
agrees with ourhypothesis that the inhibition of R N A  synthesis takes place 
at a transcriptional step, but further studies wii! be necessary before arriv- 
iug at a conclusión on this point.

It has been demonstrated that the function of the thyroid gland has a 
r.eH'iin degree of autonomy. Iodine uptake has bcen found to increase in 
response to a lovv iodine diet, even in hypophysectomized rats [21). In 
animals fed a lovv-iodine diet, M T U , or PTU , thyroid weight increases well 
brioie an elevation in serum TSH  occurs [22-24), again indicating that a 
factot intrinsic to the gland may have a relation togoiter production. In this 
sense. it is worth mentioning that we have reported the presence of normal 
oí ver'y slightly elevated TSH  levels in an endemic goiter area in Argentina 
)251. I he demonstration that the thyroid displays an increased sensitivity to 
the slimulatory action of TSH  in rats fed a low-iodine diet [26) provided an 
explanation for our findings.

Ihus goiter may develop with norma! concentrations of circulating 
T S H . both in humans and in animals, because of an increased sensitivity of 
the thyroid gland to its stimulating hormone. Some studies have a!so shown 
an inverse correlation between the increase in gland weight and a decrease 
in total organic iodine inside the thyroid )27]. These results would suggest 
that the decrease in intrathyroidal organic iodine would be related to the 
increased sensitivity of the gland.

The reverse situation has been observed under excess administration of



indine. K ! has been shown ío hloek the goiírogenic action of I SU . cAM P. 
and cG M P in vivo in mice [4], as vveü as ¡he incorporation of laheled amino 
acids into protein. Contradictory results were reported i 11 rats. Val enta 12<S| 
demonstrated a significant decrease in protein labeling, whereas Yu et al 
129] failed to confirm this finding. We have examined the effect of K I in calf 
thyroid slices and have shown t.hat K I inhibits :iH-leucine incorporation 
into total and thyroglobulin protein ¡5J, whereas Sherwin and Tong |30| 
found that iodine blocks the “ ¡ate" stimulatory action of TSH  on protein 
synthesis (probably related to RN A  transcription). The results from our 
laboratory have aiso demonstrated that K I inhibits the in vi11 <> synthesis of 
R N A  in calf slices. probably at a transcriptional step ¡ 6.71.

Besides the action of iodine on biochemical steps distal to cA M P  gen- 
eration, an action on cyclic nucleoíide formation has also been sought. 
Rapoport et ai.[12] reported that a high-iodine ciieí decreases thyroid 
response, measured as adenylate cyclase stimulation after ¡ S i l .  in rats. 
Van Sande and Dumonl [10] found a similar effect in material from tlogs. 
This inhibitory action was confirmed both in vivo and in vitro | 12, 29-32].

The inhibitory action of iodine on thyroid protein, RN A . or cAM P 
biosynthesis, as well as on other parameters, is mediated by an intracellular 
and organic iodocompound, since it is relieved by perchlorate, MM1, and 
P T U .[5,6,10,31-33]. Moreover, the inhibitory action of iodine has been 
correlated with the increase in newly synthesized organic-iodine com­
pounds in rats and mice [32,33].

As mentioned before, one of the important questions relates to the 
nature of the intermediates in iodine action. !n vivo studies demonstrated 
that T :¡ and T4 pretreatment causes a decrease in different th\ roid parame­
ters in rats ard mice ¡32,33], However, since T :¡ and T-, cause a decrease in 
circulating T SH , evidence for their direct action on the thyroid is lacking. 
This drawback was overcomed by in vitro studies. Results from our labo­
ratory, as well as from others, have shown that thyroid hormones can 
decrease protein and RN A  biosynthesis as well as adenylate cyclase and 
protein kinase acíivity. These results, as well as those presented in ¡he 
present paper provide strong evidence to support the idea that 
iodothyronines exert a direct inhibitory action on the thyroid.

A negative result has been recently reported by Goldenheim et al ¡34], 
These authors failed to observe whether T :i and Ti decrease adenylate 
cyclase acíivity or TSH  binding to beef thyroid membranes. However, 
another group of researchers reported at the same time that T :t and rT:¡ can 
both decrease cAMPgenerationin and TSH  binding topurified thyroid mem­
branes [35J. The reason for these apparent discrepancies has been explored 
by our group. We had the opportunity to compare the response to the 
inhibitory action of iodine in bovine slices obtained in Buenos Aires



(Argentina) and in Buffalo, N Y . ¡n the latter, basal R N A  synthesis was not 
altered, whereas T SH  stimuiation was completely blocked. !n the stock 
from Buenos Aires, basal R N A  synthesis was usuaily inhibited by K I by 
50-60%. When total iodine content was measured a significant difference 
was found. The valúes for the basal inhibited süces were 6.3 ± 1.3. yu.g 
iodine/mg protein, and those from slices vvhose TSH-stimulated RN A  
synthesis was inhibited by K I were 9.3 ± 2.2 ¿tg iodinc/mg protein (P  < 
0.005; average ± 1 SD  from nine and eleven experiments, respectively). 
These results would explain the apparent failure of Goldenheim et al [34J to 
demónstrate an inhibition of basal adenylate cyclase activity in calves from 
the New Jingland urea. Moreover, they stress once more the relationship 
between intrathyroidal content of total and organic iodine and the gland 
responsos to either stimuli or inhibition.

All of the above-mentioned results leu us to conclude that the degree of 
thyroid activity, and/or its responsiveness to stimulatory or inhibitory 
factors. is a fimetion of the intracellular concentration of iodothyronines 
(T :! and, probably, T (). These compounds would have specific nuclear 
receptors (without excluding the possibility oían action at othersubcellular 
sites), and their modulatory signal originates either from T.¡-T.j svnthetized 
inside ¡he cel!, or from periphera! T :¡ taken up by the thyroid gland. This 
hypothesis has impücations for the pathogenesis of certain types of goiter 
as weli. As a consequence of a diffuse or localized decrease in total iodine, 
organic iodine, or iodothyronine concentration, the thyroid would become 
hypersensitive to the level of T SH  that normaily circulates in the blood, 
tlius leading to either a diffuse or a nodular enlargement of the gland [see 
reference 3 for a more detailed discussionj. Studies are being peiformed in 
our laboratory to explore these pos si bi I i ti es.
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