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THE PHARMACOLOGY OF SUBSTANCES AFFECTING 6506 
THE THYROID GLAND1 

PIETRO LIBERTI2 AND JOHN B. STANBURY 

Unit of Experimental Medicine, Department of Ntttrition & Food Science, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

This review is concerned with the pharmacology of substances that af­
fect the structure and function of the thyroid gland. Transport of thyroid 
hormones and pharmacological agents that affect the peripheral actions 
have been competently reviewed elsewhere (1-3). 

SUBSTANCES WIllCH STIMULATE THE THYROID 
THYROTROPIN (TSH) 

ORIGIN AND CHEMICAL NATURE 

The presence in the pituitary gland of a substance that stimulates the 
thyroid has been known since 1922 (4) .  The principle has been purified and 
characterized. Human TSH has a sedimentation coefficient of 2.9 and a cal­
culated molecular weight of 26,000 based on density gradient centrifugation. 
Disc electrophoresis of highly purified human TSH has shown multiple 
components, whereas double diffusion in Ouchterlony gels of both human 
and bovine TSH gives only one precipitin line. The various components 
seen on gel electrophoresis appear to have the same amino acid composition. 
Cystine content is high and there are seven or eight disulfide bonds per mol­
ecule. Serine, valine, glutamic acid, proline, and lysine are present in rela­
tively large amounts. Threonine and phenylalanine are said to occupy N­
terminal positions. TSH is a mucoprotein containing mannose, glucose, ga­
lactose, sucrose, glucosamine, and galactosamine. The apparent heterogene­
ity of TSH has been attributed to minor differences arising in a number of 
amide groups, or to differences in secondary or in tertiary structure. For 
bibliographical documentation of these findings, see the 1967 review of 
Condliffe & Robbins (4) .  

MOLECULAR COMPONENTS 

TSH is synthesized and stored as cytoplasmic granules in basophilic 
Schiff-positive cells of the anterior pituitary. These granules may be solubi­
lized by desoxycholate to yield a monomer of TSH, which at pH 2.5 aggre­
gates to a dimer (5) . The monomer may be digested with papain to yield a 

1 This work supported by US PH Grant No. AM-lO092. 
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114 LIBERTI & STANBURY 

biologically active dialyzable component that has a molecular weight o£ ap­
proximately 7,000. Crude TSH is inactivated slowly by papain. The highly 
purified hormone is more susceptible to proteolysis ( 6 ) .  Thus, it appears 
that TSH contains a core which is biologically active and is surrounded by 
a nonessential papain-digestible peptide. The peptide, however, appears to be 
unstable in purified preparations. 

Three different glycopeptides have been obtained from bovine TSH by 
tryptic digestion. Amino acid sequences were found to have considerable 
homology with one of the two subunits of luteinizing hormone (LH). A 
third peptide did not appear to be related to the third tryptic peptide of  LH 
and was more difficult to purify. Each of the three glycopeptides contained 
glucosamine, galactosamine, and mannose (7) . Countercurrent distribution 
has bcen used to purify TSH. No evidence was found for separation into 
subunits such as occurs with LH (8 ) . Electrophoresis of the reduced and S­
carboxyamidomethylated derivatives revealed a polymorphism which did 
not appear to represent dissociation into subunits. 

CONTROL OF SYNTHESIS AND SECRETION 

Thyroxine and other small nwlecules.-The plasma concentration of 
thyroxine is a major factor in control of anterior pituitary activity. De­
struction of the thyroid induces a IS-fold increase in the labeling frequency 
of pituitary cells with tritiated thymidine within 12 months; this frequency 
returns to normal within 5-10 days after the start of thyroxine therapy 
(9) . Incorporation of 3H-uridine into RNA is also enhanced by thyroidec­
tomy and depressed by administration of triiodothyronine (10). Changes in 
the opposite direction occur in the liver. In rat l iver, pituitary TSH depleted 
by treatment with propylthiouracil cannot be repleted unless there is a small 
amount of thyroid hormone present ( 11). 

The pituitary responds slowly to a fall in thyroid hormone content of the 
blood. When plasma thyroid hormone was rapidly reduced by exchange 
transfusions no increase in thyroid hormone secretion was observed for sev­
eral hours, and it was 5 days before the plasma-free thyroxine level re­
turned to normal (12). These findings contrast sharply with those showing 
an almost immediate fall in plasma TSH upon administration of thyroid 
hormone; synthesis of TSH is turned on in response to need much more 
slowly than it is turned off.-

Factors governing TSH secretion have been studied in explants . Se­
cretion of TSH was stimulated by theophylline and by exposure to dibutyryl 
cyclic 3',S'-adenosine monophosphate (DBcAMP)."This stimulation was in­
hibited by thyroxine and enhanced by epinephrine and phentolamine; it was 
partially blocked by propranolol ( 13 ) .  Synthesis of TSH has been studied in 
rat pituitary glands in vitro by incubation with 1'C-Iabeled glucosamine and 
isolation of isotopically labeled TSH by immunoprecipitation. Incorporation 
was enhanced by addition of propylthiouracil to the diet and was depressed 
to well below control levels when the rats were given thyroxine. No evi-
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PHARMACOLOGY OF SUBSTANCES AFFECTING THYROID 1 1 5  

deuce was found that administration of  TSH-releasing factor (TRF, see 
below) increased the incorporation of labeled glucosamine although TRF 
promoted release of TSH into the medium. These experiments did not ex­
clude a possible role of endogenous TRF in the increased TSH synthesis in 
the hypothyroid state (14). 

There is a marked functional heterogeneity within the normal pituitary 
gland with respect to secretion of TSH. Sinusoidal blood collected from 
various regions of the pituitary during surgery varied in concentration 
from less than 0.4 to more than 2,600 ng per ml (15) . 

Normal human pituitary cells in explant culture or in dispersed cell sub­
culture produce immunoreactive TSH which falls rapidly and may be unde­
tectable after 4 months of subculture. Cultures of adenoma tissue maintain 
TSH secretion (16). 

Vasoactive substal1ces.-Vasopressin, oxytocin, and epinephrine release 
TSH from anterior pituitary tissue in vitro ( 17)  and stimulate 14C-glt1cose 
oxidation· by explants. Vasopressin does not stimulate the release of hor­
mone from exteriorized sheep thyroid preparations (18) and is not active in 
vivo in man ( 19 ) .  Phenoxy benz amine blocks the stimulatory effect of epi­
nephrine but not of vasopressin on TSH release. Interestingly, oxidation of 
glucose is unaffected by all three hormones in concentrations which were 
maximally effective in releasing TSH ( 17 ) .  

Release of TSH may b e  mediated by cyclic AMP. The dibutyryl deriva­
tive increases release of pituitary TSH in vitro; release is blocked by thy­
roxine and augmented by theophylline and by epinephrine. The epinephrine 
effect is partially blocked by propranolol (13). 

TSH in the newborn.-The TSH concentration of cord blood at the time 
of delivery is appreciably higher tha.n in maternal blood taken at the same 
time (20). The serum concentration of TSH rises rapidly within the first 
few minutes after birth and falls again by 48 hr. This rapid rise, due par­
tially to a discharge of stored pituitary TSH immediately after birth, is also 
partially due to cold exposure attendent upon birth and is largely eliminated 
if the infant is warmed during the first 3 hours of life. Even with warming, 
however, there is a significant rise in serum TSH which persists through 
the first 24 to 48 hr of extrauterine life. 

Thyrotropin-releasing factor (TRF) .-It has long bcen suspected that 
the rate of TSH secretion is at least partially under the control of the hypo­
thalamus. A spectacular advance of recent endocrinology has been the iden­
tification of the. thyrotropin-releasing factor secreted by the hypothalamus. 
This factor is a tripeptide, pyroglutamyl-histidyl-prolinamide (21-27 ) .  It is 
effective when administered directly into the pituitary (28), when injected 
intravenously, or when ingested (29). It is resistant to proteolytic activity 
(29 ) .  
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116 LIBERTI & STANBURY 

N either puromycin nor cycloheximide, inhibitors of  protein synthesis, al­
ter the immediate release of TSH which follows administration of TRF, but 
both inhibitors prevent triiodothyronine from blocking TSH released by 
TRF. Thus, it appears that TRF causes a discharge of preformed TSH 
from the pituitary, and in order for triiodothyronine to block this effect pro­
tein synthesis is required (23 ) .  Actinomycin D also blocks the inhibitory 
effect of triiodothyronine but does not affect the release of TSH triggered 
by TRF (23). TRF was found to increase both synthesis and release of 
TSH in rat pituitary tissue in organ culture (30) . It has been detected in 
the peripheral blood of thyroidectomized-hypophysectomized rats stimulated 
by cold (31). 

Plasma TSH rises within 3-6 min in patients inj ected with porcine TRF 
and reaches a peak at about 30 min ; the level falls to baseline within 2 hr. 
These findings indicate the short half-life of both TRF and TSH (22). 

Synthesis of TSH is not stimulated acutely by TRF (14);  although re­
lease of TSH by the rat pituitary in vitro is stimulated by a crude hypotha­

lamic extract and by partially purified TRF, incorporation of labeled gluco­

samine into TSH was unchanged. Pituitary glands removed from hypothy­
roid rats show increased incorporation of labeled glucosamine into TSH, 
and, conversely, incorporation is reduced in the rat pretreated with thyrox­
ine. 

The precise physiological role of TRF remains to be determined, and 
little information is presently available regarding the control of the se­
cretion rate of the releasing factor. Thyroxine in small doses inhibits the 
pituitary response to TRF (32 ) .  Although glucocorticoids depress secretion 
of TSH they do not impair TRF-mediated secretion of TSH. These find­
ings suggest that the glucocorticoid control of TSH secretion is at a supra­
hypophyseal level (33 ) .  One may surmise that both higher neural centers and 
plasma thyroid hormone control release of TSH. It seems clear that releas­
ing factor both stimulates discharge of preformed TSH from the pituitary 
and, after a latent period, induces a burst of synthesis of TSH. 

THE EFFECTS OF TSH ON THE THYROID GLAND 

Protein synthesis.-TSH exerts a multitude of effects on the thyroid, as 
exhaustively reviewed by Dumont, Neve & Otten (34 ) .  Some effects are 
immediate and some are delayed. There is an almost immediate increase in 

glucose metabolism, but the effects on protein synthesis and cell division 
appear only many hours later. TSH increases tne ability of suspended bo­
vine thyroid cells to incorporate amino acids into protein, even after prein­
cubation with actinomycin D. Thus, this action o f  TSH does not depend 
primarily on increased synthesis of template RNA. Since impairment of  
glucose metabolism abolishes protein synthesis resulting from TSH stimula­
tion, it may be that the increase in protein synthesis depends on TSH stimu­
lation of  glucose metabolism ( 35 ) .  Administration of actinomycin D, cyc1o-
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PHARMACOLOGY OF SUBSTANCES AFFECTING THYROID 117 

heximide, or puromycin inhibits TSH release of thyroid radioiodine, but a 
time lapse of 8 or more hours is required for this to become apparent. Thus, 
new protein synthesis is not required for the acute effects of TSH, but evi­
dently is required for the late effects (36). Actinomycin D increases thyroid 
iodide trapping, presumably because the rate of iodide efflux from the thy­
roid is lowered (37). 

Nucleotide synthesis.�TSH stimulates RNA synthesis, as does the long­
acting thyroid stimulator (LATS-see below) (38). This includes synthesis 
of both ribosomal and messenger RNA (39). TSH also stimulates RNA 
synthesis in cultures of rat fetal thyroids (40) and incorporation of orotic 
acid into pyrimidine nucleotides of bovine thyroid slices ( 41). TSH causes 
no noteworthy change in total pyridine nucleotides but increases the oxida­
tion of NADPH and NADH (42). 

TSH also accelerates incorporation of 3H-thymidine into thyroid cells in 
culture, an effect impaired by propylthiouracil. Propythiouracil and TSH 
together accelerate the loss of 3H-thymidine from cultured thyroid cells 
( 43). In the chick embryo· at about the 11th day, when endogenous TSH 
secretion begins, there is a sharp drop in labeling of the nuclei with tritiated 
thymidine. This was interpreted to mean that TSH is a stimulus under 
which the embryonic thyroid gland switches over to gland function from 
rapid autonomous cell reproduction (44). 

Lipid metabolism.-TSH increases the incorporation of glucose, gly­
cerol, palmatate, and oleate into phosphatidylinositol, and increases the pro­
portion of these compounds incorporated into 1,2-diglycerides. TSH also in­
creases the incorporation of palmatate into phosphatidylinositol and 1,2-di­
glycerides, but not its incorporation into phosphatidylcholine, phosphatidy­
lethanolamine, or 1,3-diglycerides (45). Kerkof & Tata (46) found that 
TSH caused a coordinated increase in thyroid phospholipid, RNA, and iodo­
protein associated with the endoplasmic reticulum. TSH increases the incor­
poration of 32p into phospholipid at a step beyond A TP (38, 39, 47). 

Lysosomal stability.-The lysosomal stabilizing substance, chlorproma­
zine, inhibits TSH stimulation of colloid droplet formation in the thyroid 
and also blocks TSH-induced stimulation of I-HC-glucose to 14C02• These 
results suggest that TSH may exert an effect directly or indirectly on lyso­
somal stability, and indicate a link between colloid droplet formation in­
duced by TSH and oxidation of glucose (48) . Stimulation of endocytosis by 
TSH is inhibited by actinomycin ( 49). 

Thyroid hormones.-As part of the response to trophic hormone stimu­
lation, the thyroid increases the ratio of triiodothyronine to thyroxine, but 
this effect is dependent also on the amount of iodine in the thyroid and is 
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1 18 LIBERTI & STANBURY 

more related to iodine than to TSH; TSH seems to have a permissive role 
(SO, 51). In the absence of TSH, a thyroglobulin is formed which has a 
slightly lower sedimentation constant than normal and which, in solutions 
of low ionic strength or high pH, is unusually sensitive to degradation into 
half molecules. This thyroglobulin is low in iodine (52, 53). 

Blood flow.-TSH enhances blood flow in the thyroid within minutes 
after injection into intact rats. The effect is accompanied by a fall in seroto­
nin content of the gland (54). Within 5 min after TSH administration, ser­
otonin starts to be mobilized from storage sites in the perivascular mast 
cells; it is not mobilized from mast cells of extrathyroidal tissues (55). One 
may presume that mobilization of this vasoactive substance is related to the 
vascular response. The number of mast cells in the thyroid is increased by 
TSH (56). 

The thyroid cell surface and TSH.�It has been established that TSH 
interacts with the thyroid cell membrane and can stimulate metabolic activ­
ity in the thyroid cell without actually entering the cell itself. Presumably 
:there are specific binding sites on the plasma membrane of the parenchymal 
cells, and specificity may reside in this interaction. Tissue binding of TSH 
is affected directly by thyroxine; possibly in this way thyroxine directly 
regulates the biological activity of TSH ( 57). Treatment of thyroid slices 
with lecithinase blocks the effect of TSH on glucose oxidation and phospho­
lipid synthesis, but does not block the· effect of dibutyryl cyclic AMP 
(DBcAMP ) on glucose oxidation or phospholipid synthesis. Sphingomyeli­
nase had no such effect (58, 59). Exposure of thyroid cells to phospholipase 
C abolishes the response of the cell to TSH and LA TS, but not to acetyl­
choline, nor is basal phospholipogenesis impaired by phospholipase C (58, 

59). 
Although Na+ is required for TSH action, Ca++ and Mg++ ions are not 

essential. Ouabain in 10-4 M concentration abolished the effect of both 
LATS and TSH on phospholipogenesis (58). Absence of Ca++ was found to 
impair thyroid response in glucose oxidation and phospholipid synthesis to 
submaximal doses of TSH and DBcAMP (60 ) .  

TSH does not affect the thyroid o f  the patient with a high plasma titer 
of LATS (61). It has also been shown that administration of TSH to mice 
impairs subsequent response to LATS and vice versa. Competitive binding 
experiments with rat thyroid microsomes show that binding occurs consist­
ently at the same site (62) . While these findings suggest competitive inter­
action between LATS and TSH at the thyroid cell surface, alternate possi­
bilities are not excluded (62). 

Other effects.-The growth response of the thyroid to TSH is blocked 
by dinitrophenol but glandular iodine metabolism is not blocked ( 63 ) .  TSH 
increases the thyroid level of  tyrosine and its concentration relative to tis-
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PHARMACOLOGY OF SUBSTANCES AFFECTING THYROID 1 19 

sue R;NA, and this increase is enhanced by administration of propylthioura­
cil (64 ) .  TSH also increases the uptake of 35S sulfate by the harderian 
gland of the mouse. [Interestingly, high titer human serum containing 
LA TS has no such effect on the mouse (65)]. 

CYCLIC AMP AND OTHER SMALL MOLECULES 

Mediation of TSH through cyclic AMP.-Much literature has accumu­
lated concerning the role of cyclic 3', 5'-AMP as the mediator of the effects 
of TSH and LATS. Metabolism of I-HC-glucose is increased by cyclic 
AMP within 15 min. Theophylline, which impairs diesterase degradation of 
cyclic AMP, also stimulates glucose metabolism and potentiates cyclic 
AMP. Cyclic AMP can increase glucose oxidation in the presence of theo­
phylline in a concentration as low as 8 X 10-4 M (66). 

Cyclic AMP and DBcAMP increase the release of mouse thyroid hor­
mone. The effect is augmented by simultaneous administration of theophyl­
line. Release is also effected in vivo (but not in vitro) by 5'-AMP, 5'-ADP, 
and 5'-ATP (67). 

Cyclic AMP increases the release of 1311 bound during life and also 
increases 1311 labeling of thyronines in mouse thyroid glands in culture 
medium ; these effects are enhanced by theophylline (68). Infusion of 
DBcAMP into dogs stimulated secretion of hormonal 1311 from the thyroid 
within 20 to 30 min. It also increased the release of inorganic iodide from 
the thyroid. Secretion was tenfold greater than during the control period 
(69). Administration of DB cAMP stimulates formation of colloid droplets 
in the thyroid parenchymal cells of the dog but not of the rat (70). 
DBcAMP stimulates the release of preformed triiodothyronine and thy­
roxine from the thyroid in vitro, similarly to TSH ( 71). Proteolysis of 
thyroglobulin is stimulated by DBcAMP and prostaglandin E1, as well as 
by TSH; a common pathway of action appears to be involved, since the 
stimulating effects at maximally effective concentrations are not additive 
(72). 

TSH and dibutyryl cyclic AMP have essentially identical stimulatory 
effects on iodine incorporation into the thyroglobulin of suspended bovine 
thyroid cells. Incorporation of labeled leucine into protein was also stimu­
lated ( 73). Theophylline also enhanced the effects of both TSH and LATS 
on 13q metabolism ( 74). The cyclic AMP concentration in the thyroid is 
increased within 1 min by TSH and reaches a maximum within 3-6 min 
(75). Adenyl cyclase activity is also increased within 1 min ( 76). The in­
crease in cyclic AMP concentration parallels the concentration of TSH 
over a wide range. Prostaglandin El increases cyclic AMP concentration 
in the thyroid and also increases glucose oxidation. 

Lissitzky et al. (77) found that cyclic AMP increases protein synthesis 
in a cell-free system of thyroid polyribosomes. The system was not stimu­
lated by TSH, a finding consistent with the presumed mediation of the TSH 
effect through activation of the cyclase of the plasma membrane. 
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120 LIBERTI & STANBURY 

The effects of TSH on glucose oxidation and on colloid droplct forma­
tion are mimicked by low concentrations of prostaglandin El and are addi­
tive at submaximally stimulating doses. The actions of prostaglandin El are 
inhibited by the lysosomal stabilizer, chlorpromazine (78 ) .  

Ahn & Rosenberg ( 79) observed that organic binding o f  iodine and 
formation of thyroxine were stimulated by TSH, DBcAMP, fluoride, and 
prostaglandin E1• TSH and prostaglandin El1 but not fluoride, enhanced 
synthesis of cyclic AMP from adenine in canine thyroid slices. These re­
sults suggested that stimulation of organic binding of iodine by TSH and 
prostaglandin El is mediated through increased formation of cyclic AMP, 
but that fluoridc acts through a diffcrent mechanism. Sodium fluoride, 
which stimulates adenyl cyclase activity in thyroid homogenates, failed to 
increase the concentration of cyclic AMP in dog thyroid slices. Two other 
substances, carbamylcholine and menadiol sodium diphosphate, increase 
glucose oxidation in thyroid slices but do not change the concentration of 
cyclic AMP (76). The increase in cyclase activity is transient, but in­
creased glucose metabolism persists for as long as 1 hr. As little as I mu 
of TSH is stimulatory. TSH does not stimulate adenyl cyclase activity in 
other glandular structures, and it does not modify phosphodiesterase ac­
tivity. Prostaglandin E2 has the same effect as TSH on glucose oxidation 
and cyclic AMP concentration, whereas prostaglandin F lA stimulates glu­
cose oxidation but does not increase cyclic AMP levels. Prostaglandin Bl 
does not modify either cyclic AMP concentrations or glucose oxidation 
(80) .  These findings are consistent with the concept that the effects of 
TSH are channeled through cyclic AMP, but they also indicate that .fluoride 
and other substances may influence thyroid gland metabolism by different 
mechanisms (76). 

Alternative routes of the TSH effect.-While there is abundant evidence 
that many of the responses of the intact thyroid to TSH, and perhaps also 
to LATS, are mediated through the adenyl cyclase system and cyclic AMP, 
the possibility cannot be excluded that TSH has effects channeled through 
other pathways. This possibility has been carefully considered by Field and 
his colleagues (81). They advise caution, as does Burke (82), in interpreta­
tion of indirect pharmacological evidence that may be influenced by dosage 
effects and the nonspecilicity and ambiguity sometimes associated with use 
of many agents, such as a- and f1-adrenergic blocking drugs. Studies with a­
and f1-adrenergic blocking agents and catecholamines indicate that TSH 
stimulation of adenyl cyclase does not involve an adrenergic receptor mech­
anism (83). Wolff, Berens & Jones (84) found that low concentrations of 
lithium ion inhibited the TSH stimulation of adenyl cyclase activity in a 
preparation of beef thyroid. Lithium inhibits several aspects of thyroid me­
tabolism ( 85). It is possible that inhibition results from an effect on adenyl 
cyclase. 

TSH and fluoride both activate the adenyl cyclase system in thyroid 
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PHARMACOLOGY OF SUBSTANCES AFFECTING THYROID 121 

slices, and cyclase activity can be increased by either in the presence of an 
abundance of thc other, indicating that the compounds act at different sites. 
Adrenergic blocking drugs inhibit TSH effects on cyclase without blocking 
fluoride-induced enzyme activation. Thus, the adenyl cyclase system in the 
thyroid responds to TSH and to fluoride, but the two stimulators may act at 
different sites to evoke their effects (86) . 

Burke (87)  has found that there are low concentrations of TSH which 
greatly increase phospholipogenesis but have no effect on adenyl cyclase ac­
tivity, glucose metabolism, or colloid droplet formation. On the other hand, 
prostaglandin El stimulates adenyl cyclase, endocytosis, and glucose oxida­
tion without affecting phospholipogenesis. These findings suggest that cy­
clase activation and stimulation of endocytosis may result from stimulation 
of glucose oxidation and that TSH stimulation of phospholipogenesis may 
be mediated otherwise. 

There are other observations which are difficult to explain with the 
cyclic AMP mediation hypothesis. For example, prostaglandin El increases 
the intracellular levels of cyclic AMP and stimulates glucose oxidation and 
iodide binding to protein. However, neither fluoride, which activates adenyl 
cyclase in cell-free systems, nor prostaglandin ElJ which in some tissues 
increases intracellular cyclic AMP, has any effect on intracellular colloid 
droplet formation, an effect long associated with early TSH action (88 ) .  
O n  the other hand, a s  Burke (87) has noted, prostaglandin El affects endo­
cytosis. Also, Dumont and his colleagues (89) observed iodide organifica­
tion, endocytosis, and glucose metabolism in dog thyroid slices in the pres­
ence of TSH or cyclic AMP; the effect was increased by caffeine. Kerkof & 
Tata (46) found that the rapid effects of TSH on transport and metabolic 
functions were mimicked by DB cAMP but that the latter failed to influence 
the slower biosynthetic responses. 

Gilman & Rall's studies with bovine thyroid slices present evidence that 
TSH and cyclic AMP have somewhat different effects on thyroid function 
(90 ) .  It appeared that cyclic AMP could not mediate TSH-stimulated oxi­
dation of I -HC-glucose unless the concentrations of TSH were low. 

Burke ( 91 )  has compared the effects of TSH and LATS upon I-HC-glu­
cose metabolism and upon the ratios of oxidized to reduced pyridine nucleo­
tides. No differences were apparent in the effects of TSH and LA TS in 
these respects, and there was no correlation between the changes in the rat­
ios of pyridine nucleotides on the one hand and stimulation of glucose oxi­
dation and phospholipogenesis on the other, but cyclic AMP regularly stim­
ulated glucose oxidation and phospholipogenesis, decreasing the ratios of 
oxidized to reduced pyridine nucleotides. Thus, there appeared to be a dif­
ference between the effects of the peptide stimulators and the stimulation 
derived from cyclic AMP. 

Burke has also questioned the role of cyclic AMP in TSH-mcdiated 
effects on the thyroid (82, 92) .  He observed no potentiation by cyclic AMP 
of TSH or of LA TS effects upon either glucose oxidation or phospholipo-
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122 LIBERTI & STANBURY 

genesis; he also found no interaction between theophylline and submaximal 
doses of TSHor of LATS upon either glucose oxidation or 32p incorpora­
tion. He contended that the effect of TSH and LA TS on thyroid intermedi­
ary metabolism is not mediated completely by cyclic AMP. 

TSH and autonomic drugs.-Activation of adenyl cyclase by TSH is im­
paired by three adrenergic blocking agents, DL-propranolol, D-propranolol, 

and phentolamine in concentrations approximately 100 times larger than 
those required to produce a- and ,a-blockade. DL-propranolol and phentola­
mine impaired TSH stimulation of glucose oxidation in dog thyroid slices, 
but at the same concentration the drugs did not impair stimulation induced 
by DBcAMP. Glucose oxidation was stimttlated in bovine thyroids by TSH 
at a concentration of propranolol which· abolished stimulation by adenyl cy­
clase (93). 

Onaya & Solomon (78) found that chlorpromazine; a drug which stabi­
lizes lysosomes, and propranolol, which blocks adenyl cyclase activity, block 
the effects of TSH and LATS on colloid droplet formation. These drugs 
also block stimulation of glucose oxidation by TSH and LATS. Contrary to 
Levey, Roth & Paslan (93), they found that propranolol also inhibits the 
effect of DBcAMP. This indicated that propranolol blocks beyond its effect 
on adenyl cyclase. Doth drugs appear to stabilize the lysosomal membranes. 

SCHEME OF ACTION 

Onaya, Solomon & Davidson (94) have outlined the following scheme: 

TSH activates adenyl cyclase in the plasma membrane ; the resulting cyclic 
AMP travels to the luminal side of the thyroid cell and activates the apical 
cell membrane to undertake endocytosis of the colloid ; lysosomes labelized 
by cyclic AMP fuse with the colloid droplets, whereupon the thyroglobulin 
undergoes hydrolysis and releases thyroid hormones for distribution into 
the blood. 

ROLE OF TSH IN DISEASE STATES 

Two excellent TSH assay methods, the McKenzie mouse bioassay and 
radioimmunoassay, have provided much information about changes under 
varied physiological conditions and in disease states (95). Lemarchand-Ber­
aud & Vannotti (96) found a reciprocal circadian rhythm in free plasma 
thyroxine and plasma TSH concentrations, although TSH variations did not 
reach statistically significant levels. TSH increased during pregnancy. Hen­
nen & Freychet(97) have also found elevated thyroid stimulating activity 
in the plasma during pregnancy, and suggest that it may be of chorionic 
origin. 

There is a concensus now that TSH is low or undetectable in thyrotoxi­
cosis (98-100 ) ,  although plasma values may be somewhat above normal in 
nontoxic nodular goiter and diffuse enlargement of the thyroid. Values are 
high in thyrotoxic patients treated with antithyroid drugs when the plasma 
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PHARMACOLOGY OF SUBSTANCES AFFECTING THYROID 123 

FBI falls below 2 p.g/100 ml ( 101). TSH is not found in the blood ofpa­
tients with pituitary hypothyroidism, but it may reach 15 times normal in 
myxedema. Elevations also may be found in thyroid carcinoma, and thyroid­
itis (99, 102, 103). 

Patients with endemic goiter may have normal or elevated TSH values. 
High levels have been recorded in members of three generations in a hyper­
endemic region: The grandparents had nodular goiters, and the parent and 
child were both cretins (104). Levels approximately 100 times normal were 
found in the sera of apparently cretinous persons in highland New Guinea 
( 105). Gaitan et al (106) obtained indirect evidence that their patients 
with endemic goiter were not under maximal TSH stimulation. High values 
in an endemic region fell following administration of iodized oil as a pro­
phylaxis (107). 

TSH level is normal in Down's syndrome ( 108). Using the McKenzie 
assay, El Kabir et al (109) found plasma concentrations of TSH signifi­
cantly elevated in paranoid schizophrenic patients and in a substantial frac­
tion of those with affective disorders. It is not elevated by convulsive elec­
troshock ( 1 10). 

THE LONG·AcTING THYROID STIMULATOR (LATS) 

This substance, first detected in the plasma of patients with Graves' dis­
ease, characteristically reaches its maximal stimulating effect at approxi­
mately 8 hr, whereas TSH reaches its peak effect within 1 or 2 hr. It is 
found only in the plasma of patients who have or who have had Graves' 
disease and it is by no means detectable in all of these. It reaches exceed­
ingly high titer in some patients, more commonly those with pretibial my­
xedema but pretibial myxedema can occur without a high titer. LATS is a 
7S gamma globulin of the IgG class ( 1 1 1). It is secreted into the suspending 
fluid of phytohemaglutinin-stimulated cultured lymphocytes from patients 
with Graves' disease (112, 1 13). 

TSH AND LATS 

TSH can be extracted from serum both by ethanol-salt percolation and 
by fractional precipitation with acetone, whereas LA TS is not extracted by 
these procedures ( 114). TSH is more resistant than LA TS to heat inactiva­
tion, and has a much shorter biological half-life when injected [in rats, 10-
20 min for TSH, and 7.5 hr for LA TS ( 1 1 5) ]. Furthermore, the. two stim­
ulators have different sedimentation coefficients; TSH is recovered with the 
4S fraction, LATS with the 7S fraction. Finally, TSH activity is inhibited 
by incubation with anti-TSH antiserum but LA TS activity is not ( 1 16). 

Extensive studies have failed to establish any essential difference be­
tween the effects of TSH and of LA TS on the thyroid gland. Inj cction of 
LA TS over several days causes increased weight of the gland, increased 
protein content, increased incorporation of tritiated . leucine, and increased 
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124 LIBERTI & STANBURY 

specific activity of protein-bound iodine. LATS in chronic administration 
does not appear to damage the thyroid cell in any way (117). LATS stimu­
lates release of thyroid radioiodine. The release is blocked by actinomycin 
D, cycloheximide, and puromycin; eight or more hours are required for this 
effect (36). The effect of LAT5 on 1311 uptake by the thyroid is enhanced 
by theophylline (74). TSH and LATS have parallel effects on glucose oxi­
dation and phospholipogenesis, but these changes do not correlate with 
changes of pyridine nucleotide ratios; nor do the effects of the two peptide 
stimulators correlate (82) with the changes induced by cyclic AMP on pyri­
dine nucleotide levels. LATS and TSH also cause a parallel and comparable 
rise in RNA synthesis and phospholipid formation (38). There is evidence 
that LATS interacts with the thyroid cell more slowly than does TSH 
( 1 18). Studies suggest, however, that LATS and T5H resemble one an­
other qualitatively in their effects on glucose oxidation and endocytosis, and 
that the action of LATS is as rapid as, or perhaps slightly more rapid than, 
that of TSH ( 1 19). 

LATS AS IMMUNOGLOBULIN 

It is well established that LATS is an immunoglobulin. Kriss (120) 
has found that in several different sera containing LATS, the activity was 
inhibited partially by anti-kappa and partially by anti-lambda sera and that 
complete inactivation was achieved when both antisera were employed. 
This finding indicates that LATS is not derived from a monoclonal line of 
cells. Chromatography of sera containing LATS on DEAE Sephadex has 
resolved LATS into two zones in the IgG globulin region ( 121). LATS is 
partially purified by adsorption to and elution from thyroid microsomes, 
and has a high degree of affinity and specificity for the microsomes. These 
studies show that LATS is a rather small part of the total IgG popUlation 
( 1 22). 

LATS activity is neutralized or absorbed by whole homogenates of thy­
roid. Most of this absorbing capacity appears to be in the 45 fraction, which 
is a soluble fraction that contains thyroglobulin, hemoglobin, and other se­
rum proteins ( 123). Beall et al ( 124) have found also that LATS is inhib­
ited by incubation with both particulate and soluble fractions dcrived from 
thyroid. They found that the inhibitor was widely distributed along the su­
crose gradient of the soluble fraction of the homogenate. Phospholipase C 
abolishes the response of  thyroid slices to both TSH and to LA TS but not 
to acetylcholine. This observation indicates that phospholipid must be pres­
ent on the cell membranes if there is to be a response to the peptide hor­
mones. Omission of Na+ from the buffer as well as the presence of ouabain 
reduced the response to both peptide stimulators. It is worth noting that 
although these two peptide hormones have strikingly different physical, 
chemical, and immunological properties, they both appear to mediate stimu­
latory action on the thyroid cell by interacting with a component or compo-
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nents of the thyroid cell membrane (58). It is not known which thyroid 
protein acts as antigen. Beall et al (125) immunized baboons with the mi­

crosomal fraction from human thyroids. They developed a rise in plasma 
TSH-like activity, whereas rabbits similarly immunized developed a LATS­
like thyroid-stimulating substance. Injury to the thyroid, as with radioio­
dine therapy, fails to induce a rise in LATS titer, as might be expected if a 
specific antigen were leaked into the blood (126). 

In three laboratories immunization of rabbits with either thyroid homog­
enates or thyroid microsomes was followed by the appearance of thyroid­
stimulating activity in thc serum. No clinical sign of thyroid hyperfunction 
was detected (127-129), but McKenzie (129) found that the thyroids were 
not suppressible with triiodothyronine; presumably the stimulator was not 
TSH. More recently Solomon & Beall (130) have reported their success in 
inducing a thyroid-stimulating substance in rabbits by repeated immuniza­
tion with human thyroid microsomes. This substance appears to be of extra 
hypophyseal origin, is an immunoglobulin of the IgG class, gives an assay 
response between those of TSH and LA TS, is partially neutralized by anti­
bovine TSH, and is not suppressed when plasma thyroxine concentration is 
above normal. The component was not TSH-bound to plasma globulin. 
Weight loss suggested that the rabbits might have been thyrotoxic. 

LATS AND GRAVES' I>ISEASE 

The role of LATS in Graves' disease is far from clear. A close relation­
ship, but not necessarily a causal one, is suggested by the high percentage of 
patients with circulating LATS (when concentrated gamma globulins are 
used for the assay) (131), the correlation between the level of circulating 
LA TS and the 1311 turnover rate (132), and the transient presence of circu­
lating LATS in neonatal thyrotoxicosis (a transient disease occurring in 
children of thyrotoxic mothers) (133, 134). 

The role of LA TS in the origin of Graves' ophthalmopathy is even less 
clear. Kriss and associates (13S) reported three patients in whom ophthal­
mopathy followed the appearance of circulating LA TS, but this sequence 
was not found by Burke in his group of patients (136). Furthermore, there 

is frequently no relationship between symptoms of thyroid activity and ocu­

lar involvement. 

OTHER PROTEINS WITH THYROID-STIMULATING ACTIVITY 

CHORIONIC THYROTROPINS 

A thyroid-stimulating substance derived from the placenta and called 
chorionic thyroid-stimulating factor was first detected by Hennen in 1965 
(137). It is somewhat less acidic than is normal pituitary TSH. It has been 
brought to 3,500 times its original concentration ( 138) .  The amount of this 
factor present in the placenta is approximately the same as the amount of 
TSH present in the pituitary. Chromatographic evidence suggests that it 
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126 LIBERTI & STANBURY 

has approximately the same molecular weight as normal human TSH. The 
time course of its effect on the thyroid is similar to that of normal human 
pituitary TSH. Its immunological cross-reaction is poor with human pitui­
tary TSH but strong with bovine and porcine TSH (138, 139 ) .  It is much 
more electronegative than bovine TSH. Thus, although TSH and chorionic 
thyrotropin share major immunologic determinants, there are, significant 
molecular differences ( Hennen, to be published) .  

A TSH-like component is deteCtable i n  the blood of pregnant women, 
but it is uncertain whether its origin is pituitary or placental (97 ) .  Its ap­
pearance may result in the thyroid hypertrophy and hyper function of 
pregnancy ( 138 ) .  The relationship of this factor to a thyroid-stimulating 
substance found on bioassay. of plasma from patients with trophoblastic tu­
mors remairis to be determined ( 139) .  Seemingly normal human TSH has 
been obtained from a bronchial carcinoma ( 140) .  

A second placental factor with activity similar to, but weaker than, TSH 
was eluted by carboxymethyl cellulose chromatography of a placental ex­
tract ( 139 ) .  Antiserum to human chorionic gonadotropin ( HCG) cross-re­
acts with human TSH. This may be due to sharing of common antigenic 
determinates or to contamination of the HCG used in preparing the antise­
rum with TSH of pituitary or placental origin ( 141 ) .  

A thyroid-stimulating substance with unusual properties has been de­
tected in the plasma of a male subject with choriocarcinoma. This factor 
had the time course of LA TS but when diluted twofold the time course of 
response was similar to that of TSH ( 142 ) .  The substance produced no in­
creased activity in the patient's thyroid.' 

A variety of other substances have LATS-like activity. Among these are 
Ci- and ,8-MSH, arginine and lysine vasopressins, serotonin, ACTH, kallidin, 
TSH coupled with basic peptides, and a complex of TSH and specific anti­
body. 

TSH has been isolated from a transplantable pituitary tumor of mice 
(143 ) .  The TSH had a sedimentation constant of 2.9 to 3.0 and a molecular 
weight of 28,500, as determined by density gradient centrifugation. The 
amino acid composition ·was similar to that of bovine TSH,· but galactose 
was the principal· hexose, whereas mannose is the predominant hexose in 
bovine TSH.  The murine preparation contained only three residues of glu­
cos amine per mole, as opposed to eight in bovine TSH ; there was no galacto­
samine in the murine TSH, in contrast to three residues per mole in bovine 
TSH. 

OTHER PITUITARY THYROTROPINS 

There is a single report of a thyroid-stimulating substance obtained 
from the pituitary of a patient with Graves' disease. This factor was only 
partially neutralized by anti:TSH serum under conditions which completely 
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precipitated normal TSH. The factor had a dose response curve similar to 
that of normal TSH (144). 

BACTERIAL PROTEINS 

A thyroid-stimulating substance has been detected in the growth medium 
of cultures of Clostridium perfringens (145 ) .  The s1,lbstance has been puri­
fied about 300 times by ammonium sulfate fractionation, filtration through 
Sephadex G-lOO, and chromatography on DEAE cellulose. The stimulating 
substance has been separated into two factors, one of which was identified 
as a phospholipase relatively specific for sphingomyelin. Sphingomyelinase, 
when incubated with thyroid slices, increased glucose oxidation and phos­
pholipid synthesis, but when injected it failed to increase the formation of 
colloid droplets or to deplete the gland of radioiodine. 

During incubation with sphingomyelinase 65-90% of the sphingomyelin 
was lost from the slices (146, 147 ) .  The action of sphingomyelinase on the 
thyroid may not be specific and its usefulness in clarifying the mechanism 
o f  the thyroid stimulation is therefore limited. 

LOW-MOLECULAR-WEIGHT SUBSTANCES WHICH STIMULATE THE THYROID 

Acetylcholine, epinephrine, serotonin, menadione, and prostaglandin.­
Some of the effects of epinephrine and prostaglandin E1 on the thyroid have 
been described already. Acetylcholine at low concentration stimulates glu­
cose uptake, glucose oxidation, and 32p incorporation into phospholipids in 
thyroid slices, but the mechanism of action is different from that of TSH 
since I -HC-glucose and 6-HC-glucose are oxidized at the same rate, whereas 
I-HC-glucose is preferentially oxidized with TSH. Furthermore, atropine 
and iodine, which do not effectively prevent TSH action, completely or par­
tially abolish stimulation with acetylcholine (148). 

Epinephrine (149), serotonin (150) ,  menadione (151 ) , and prostaglan­
din El (80) all stimulate thyroid glucose oxidation but not phospholipid me­
tabolism (152 ) .  The mechanism of action of epinephrine (149) has been 
carefully studied. Like norepinephrine, it stimulates the oxidation of l_14C­
glucose more than that of 6-14C-glucose. This finding is consistent with acti­
vation of the hexose monophosphate pathway, and is confirmed by the fact 
that epinephrine stimulates oxidation of NADPH to NADP, which is the 
limiting factor in the oxidation of glucose through. this pathway. Acetylcho­
line and menadione, like TSH, increase the total content of NADP. TSH 
stimulates new synthesis of NADP from NAD, thereby explaining its effect 
011 the total content of triphosphopyridine nuc1eotides. Epinephrine and ser­
otonin, on the other hand, increase the NADP content of the gland as a 
result of increased oxidation of N ADPH (153 ) .  The effect of phospholipid 
metabolism appears to be independent from both glucose oxidation and 
NADP concentration. 

Acetylcholine does not activate adenyl cyclase activity in beef thyroid 
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128 LIBERTI & STANBURY 

homogenates ( 154 ). Menadione, which increases glucose oxidation in dog 
thyroid slices, does not affect cyclic AMP (976). Prostaglandin El, effective 
in stimulating both glucose oxidation and cyclic AMP content, does not in­
crease phospholipid metabolism (76 ) .  It is not easy to disentangle this me­
lange of effects. 

,Methylxanthines.�Wolff & Varrone ( 1 55) recently reported the goitro­
genic effect of methylxanthines. Rats chronically fed a low iodine diet con­
taining 10 fJ. moles of methylxanthine per gram of diet developed goiters over 
a period of 3 weeks. Theophylline was more effective than caffeine, which in 
turn proved more effective than theobromine. Serum PBI was low in the 
rats treated with theophylline but was normal in the rats which had re­
ceived caffeine, although the latter showed more than 50% increase in thy­
roid weight. Methylxanthines were ineffective in hypophysectomized ani­
mals. When tested for in vitro antithyroid activity, theophylline was found 
to cause a 20% reduction of iodine uptake but no change in TCA precipita­
ble fraction ; these changes occurred only at a high concentration ( 1  X 10-3 
M), however. Sera from theophylline-treated rats did not affect thyroid 
activity in vitro. Finally, there is a synergism between theophylline and pro­
pylthiouracil at low doses. 

Cysteine, as well as cystamine, increases glucose oxidation of thyroid 
slices ( 156). The pattern is typical of TSH, since the rate of oxidation of 
1-14C-glucose was higher than that of 6-14C-glucose. Tyrosine and arginine, 
but not other amino acids, are also somewhat stimulatory. Cysteine also 
modifies iodine metabolism of the thyroid in vitro but not in vivo. When 
incubated with thyroid slices at a concentration of 10-3 to 10-2 M, cysteine 
reduced the incorporation of radioiodine into protein and the synthesis of 
monoiodotyrosine and diiodotyrosine ( 157) .  

Cystamine, which was as  effective as  cysteine in  stimulating glucose oxi­
dation ( IS8) , acutely increased the ability of the blocked thyroid to accumu­
late iodide ion in vivo ( 158). In in vitro experiments ( 1 58) no accumula­
tion of iodide ion could be demonstrated, but the ability of cystamine to 
prevent organification of iodide was quite evident. Antithyroid activity 
could also be demonstrated in vivo. Iodide accumulation occurs faster than 
with TSH and faster than the increase in glucose oxidation, suggesting that 
glucose oxidation and . iodine metabolism are independent results. This con­
clusion is confirmed by the results of the experiments with cysteine, which 
were effective in stimulating glucose oxidation ( 156 ) while inhibiting iodine 
metabolism ( 1 57). 

SUBSTANCES WlllCH INHIBIT THE THYROID 

INORGANIC IONS 

IODIDE 

It has been known for more than 20 years that large doses of iodide 
inhibit thyroid hormone synthesis in the rat ( 1 59). This phenomenon, called 
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the Wolff-Chaikoff effect, has been demonstrated also in man. If administra­
tion of iodide is continued for more than a few days, the inhibition of syn­
thesis disappears, coincidentally with a fall in iodide transport into the thy­
roid. Thus, organification of iodine apparently results in production of a 
factor that inhibits iodide transport. Thyroid iodide concentration then falls 
below a critical level, and organification of iodine recommences ( 160 ) .  It is 
interesting that oftentimes myxedema is rapidly and easily induced by ad­
ministration of therapeutic amounts of iodide to patients previously success­
fully treated with radioiodine or, less frequently, after subtotal thyroidec­
tomy ( 161 ) .  Experiments employing iodide which were designed to explore 
the qualitative relationships between thyroid iodide space and acute depres­
sion of iodide transport have indicated that the depression is clearly related 
to organification of some of the iodide, but the response is not directly de­
pendent upon the quantity of iodine synthesized ( 162) .  

Little is known about the state of inorganic iodide in the cell. The find­
ings described above indicate the importance of this component of the total 
intracellular iodide. The intracellular carrier for iodide may be a phospho­
lipid. It has been suggested that two molecules of lecithin and one metal ion 
serve as an iodide carrying complex with strong affinity for iodide ( 163 ) ; 
Posner & Ordonez ( 164) have found small amounts of iodine covalently 
linked to several different lipids in the thyroid. 

Iodide has several interesting effects on the intermediary metabolism of 
the thyroid. In thyroid slices it inhibits TSH-induced stimulation of glucose 
oxidation and phospholipogenesis but it either has no effect or augments 
glucose oxidation and phosphate incorporation induced by LATS ( 165) .  
Relatively large doses o f  iodide cause an immediate fall i n  the ATP and 
pyridine nucleotide level in rat thyroid but not in rat liver. These effects are 
blocked by administration of perchlorate but not by methimazole, and ac­
cordingly are presumably related to iodide transport and not to organifica­
tion of the iodide ( 166 ) .  

A double isotope technique has been used to demonstrate that iodide acts 
on the toxic thyroid gland primarily by inhibiting degradation of thyroglo­
bulin ( 167 ) .  When iodine is in short supply, monoiodotyrosine increases rel­
ative to diiodotyrosine, and iodotyrosine residues increase relative to thy­
roxine and triiodothyronine. There also tends to be more triiodothyronine 
relative to thyroxine. Triiodothyronine formation correlates with circulat­
ing TSH ( 168 ) .  Mayberry & Hockert have throughly studied the kinetics 
of iodination of thyroglobulin in the formation of iodinated amino acid resi­
dues ( 169 ) .  The amount of iodine in the gland determines the thyroglobulin 
molecule's conformation and its stability to freezing in the presence of me­
thyl mercaptoimidazole. Thyroglobulin prepared from the iodine-depleted 
thyroid has a somewhat lower sedimentation constant and is readily dissoci­
able when frozen into 1 1 -12S subunits, whereas glands from iodine-suffi­
cient animals show a downward shift in the sedimentation constant but no 
comparable dissociation ( 170) .  Other investigators have found that the 
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quantity of iodine makes little difference in the physical properties of thyro­
globulin ( 171 ) .  There is evidence that the effectiveness of TSH depends 
upon the iodine content . of the gland ; iodine-depleted thyroids are much 
more sensitive to TSH ( 172) .  Kinetic data have indicated that under cir­
cumstances of widely varying iodine intake the quantity of thyroxine being 
turned over remains constant. Thus, thyroid homeostasis seems related to 
the amount of thyroid hormone being secreted ( 173 ) .  

In an exhaustive review, Wolff ( 174) has examined the physiological 
and pharmacological effects of iodide on the thyroid with particular atten­
tion to the production of iodide goiter and the mechanism of the Wolff­
Chaikoff effect. 

. Iodized oil in iodine deficiency.-There continues to be interest in the 
widespread problem of endemic goiter. Most· investigators agree that this 
disease primarily results from iodide deficiency ( 175 ) ,  although scattered 
reports suggest that genetic or additional dietary factors may be responsible 
or may contribute to the diseases ( 176-179 ) .  

Considerable success has attended the use o f  injected iodized poppyseed 
oil for the prevention and treatment of endemic goiter in regions where 
iodized salt . prophylaxis is not ·practicable ( 107, 180-182 ) .  These programs 
have generally been accompanied by a sharp reduction in the prevalance 
and degree of goiter. This form of prophylaxis has produced little, if any, 
effect on linear growth or skeletal maturation in children ( 180) , but there is 
mounting evidence that· cretinism may be prevented by this measure ( 183, 
184 ) .  A few patients witn large nodular· goiters who were injected with io­
dized oil have developed thyrotoxicosis ; no other untoward effects have 
been recorded ( 180 ) .  

The efficacy of adding iodide or iodate to table salt has been recognized 
for so long that reports are no longer appearing with any regularity. The 
most recent is that of Perinetti from western Argentina ( 185 ) where excel­
lent results in goiter prevention have been achieved. 

THE EFFECT OF OTHER IONS ON· THYROID IODIDE TRANSPORT 

A number of anions can displace iodine from the iodine space of th e 
thyroid gland. Among these are ClO.- (perchlorate ) ,  NOs-, Te04-, SCN-, 
Nn04-, Re04-, and SeCN- ; ( 186, 187) ; the most potent appears to be per­
chlorate. Chow, Chang & Yen have recently used 3BCI to show that per­
chlorate is selectively co'ncentrated 'in the thyroid gland but is not formed 
into an organic substance ( 188) .  Ameritium is· concentrated in the thyroid, 
but not in the follicular cells (189 ) .  Perchlorate has a curious, unexplained 
effect on the thyroid gland of patients with Penred syndrome ( 190 ) .  In 
normal persons the effect of perchlorate is largely dispelled within 48 hr. 
In the two' patients studied, however", the inhibiting effect on iodide trans-
port was prolonged . for many days ( 175 y. 

. 

The kinetics of the inhibition by thiocyanate of thyroid iodide accumula-
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tion has been re-examined ( 191 ) in the rat. The rate constants of iodide 
entry to and exit from the gland were measured. Low doses of thiocyanate 
greatly enhanced the exit of iodide but had relatively little effect on entry ; 
apparently thiocyanate affects the permeability of the thyroid cells to iodide, 
and thereby enhances the exit rate more than it impairs the entry (192). 

Other than iodide, the most important application of anions in study of 
the thyroid is in the use of labeled pertechnitate for the study of iodide 
transport. A recent review summarized the advantages of pertechnitate in 
the study of the thyroid ( 193 ) .  

THE THIONAMIDE DRUGS 

STRUCTURE AND FUNCTION 

The antithyroid drugs usually employed III clinical medicine have In 

N 

/ 
common the thionamide structure s = c  the most effective are those 

'" 

/N 
that contain the thioury1cne group s= c . Studies on the relationship be-

'" 
N 

tween, chemical structure and antith),roid activity III rats are not directly 
applicable to man, but som� conclusions seem vaiid ( 194) . Substitution of 
up to three hydrogen atoms by methyl groups in the thiourea molecule does 
not change activity, but replacement of all four hydrogen atoms increases 
activity. Marked decrease ot loss ' of potency follows substitution, on one 
or both nitrogen atoms, of ' polar groups such as amino, imino, or carbonyl 
groups. Substitution of the 

'
sulfur atom is accompanied by loss of anti­

thyroid activity. Dithiobiurea, a compound containing two complete thiourea 
molecules, and ' sulfanilthiou'rea, a compound containing two different active 
molecules, have no activity. The inClusion of a thiourylene group in a five­
membered heterocyclic  ring structure increases a�tithyroid activity. Thus 
2-mercaptoimidazole, a substance whose methyl ' derivative is widely used 
in therapy, is IS times as active as thiourea. 

. 

As for thiourea, large substituents, additional polar groups, and substitu­
tion on the sulfur atoms decrease antithyroid activity. The thiouracil deri­
vatives have been intensively studied l?ecause of the effectiveness of the par­
ent compound. Thiouracil is, in fact, as active as thiourea. 

Substitution of methyl or ethyl groups on the nitrogen atoms decreases 
antithyroid activity, particularly if substitution is on nitrogen 3 rather than 
on nitrogen 5. The activity is highly affected when alkyl groups are attached 
on carbons at positions 5 and 6. 

. 

Methylthiouracil activity equals 0.7 of the activity of the parent com­
pound, but 5-ethylthiouracil is 3.5 times, and S�n-propylthiouracil 2 times 
as active as thiouracil. 
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1 32 LIBERTI & STANBURY 

Among the 6-derivatives, methylthiouracil has the same activity as the 
parent compound, but ethylthiouracil is 8 times as active. 6-n-Propylthioura­
cil is the most effective, with activity 11 times that of thiouracil. 

The double bond between carbons 5 and 6 is important, since the activity 
of dihydrothiouracil is only one tenth that of thiouracil. Antithyroid activity 
is lost after substitution of the sulfur atom, or replacement of hydrogen at 
positions 5 or 6 by amino, carboxy, carbetoxy, or cyano groups. 

METABOLISM 

The metabolism of thionamide, particularly thiourea and thiouracil, has 
been intensively studied. Williams & Kay ( 195 ) found that orally adminis­
tered thiourea was rapidly absorbed from the gastrointestinal tract ; it ap­
peared in the blood within 15 min, and attained maximal concentration 
within 30 min. When injected intravenously in doses of 500 mg, approxi­
mately 3% appeared in the urine within 30 min. The rate of urinary excre­
tion was maximal in the first hour after injection and declined progressively 
during 24 hr. Little urinary elimination was found after 24 hr and none 
after 48 hr. No thiourea was detected in the stools of subjects receiving 500 
mg daily. Similar results were obtained with thiouracil. 

More detailed studies were possible when 35S-labeled thiourea became 
available. Schulman & Keating ( 196) found that 98% of the activity of 1 
mg labeled thiourea was recovered from the urine of the experimental ani­
mals within 48 hr after injection. Activity in the stools was slight and prob­
ably due to contamination from the urine. Chromatography of the urine 
showed a single major band identified as undegraded thiourea. Inorganic 
sulfate accounted for 6.2% of the radioactivity and ethereal sulfate for 
5.9%. The highest concentration was in the thyroid and the kidney. Maxi­
mal absolute values were found in the thyroid 6 hr after the injection, but 
the maximal concentration, expressed as a ratio between thyroid 35S con­
centration and the average 35S concentration in the rest of the animal, was 
achieved only after 48 hr. The 35S was in the gland primarily as sulfate ions 
( 197) .  When radioactive sulfate was administered to the animal no concen­
tration by the thyroid was demonstrated, suggesting that the thyroid metab­
olized thiourea and stored the resulting product. 

The absence of a thyroid mechanism for concentrating thiourea was 
demonstrated by Maloof & Soodak ( 198) .  They found 1 .95% of the in­
jected radioactivity in the gland 10 hr after injection. The thyroid/serum 
ratio was 40, but only 3.4% of the label was present as thiourea ; 56% was 
sulfate, and 13% remained at the origin of the chromatograms, presumably 
bound to protein. Seventy-five % of the label in the serum was thiourea, 
15% was sulfate, and 6% remained at the origin. The thyroid/serum ratio 
for thiourea was found to be close to 1. Maloof & Soodak also demonstrated 
that the gland actively metabolized the drug. Per gram of tissue, 0.071 moles 
of thiourea were metabolized during the first 15 min after intraperitoneal 
injection. A particulate fraction composed of mitochondria and "mlcro-
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somes" was effective in vitro in the presence of thiocyanate and ascorbic 
acid. The sulfur-containing products were essentially the same as those 
found in vivo, the major difference being in the relative quantities, since the 
in vitro system produced principally protein-bound sulfur ( 199) .  Hypophy­
sectomy and potassium iodide slowed the rate of thiourea metabolism in 
vivo, whereas the in vitro system was inhibited by inorganic iodide and aro­
matic antithyroid compounds, but not by perchlorate ( 198) .  Thiouracil was 
metabolized somewhat differently. Radioactivity in the gland reached its 
maximal level within 15 to 30 min and then decreased exponentially, with a 
half-time of about 4.8 hr. There was no concentration gradient for radioac­
tivity between the gland and the serum. Chromatography of the labeled 
components in the thyroid showed that part of the drug had been converted 
to sulfate, but the majority had been metabolized to produce several unidenti­
fied substances ( 198 ) .  

The drugs most widely used in medicine-propylthiouracil, carbimazole, 
and methimazole-have been much less studied. Recently, Alexander et al 
(200) reported preliminary results of metabolic studies with human subjects 
using 35S-labeled compounds. Although the two imidazoles behaved simi­
larly, propylthiouracil was metabolized differently. Orally administered pro­
pylthiouracil was rapidly absorbed and reached a peak in the plasma within 
about 2 hr. Methimazole was absorbed more slowly, the peak being achieved 
in about 8 hr. The distribution space of 35S-methimazole approximated the 
total body water, whereas that of propylthiouracil was considerably less. 
Excretion was mainly through the urine and was much faster for propyl­
thiouracil than for the imidazoles. The half-life of 35S-methimazole was not 
affected by the functional state of the thyroid but was prolonged by renal 
failure. Chromatography of the urine after methimazole administration 
showed three major products ; one was at the origin, and the other two were 
probably undegraded drug and sulfate. All label in the urine of the propyl­
thiouracil-treated patients remained at the origin. Alexander and his col­
leagues observed that labeled propylthiouracil was concentrated by the thy­
roid to approximately the same degree as iodide and was largely present as 
the administered compound (201 ) .  Selective concentrations were blocked by 
iodide and perchlorate. These results are not in accord with those obtained 
by Maloof & Soodak with thiourea. 

Rat placenta is easily permeated by 35S-thiourea (202 ) .  It was found in 
the amniotic fluid 12 and 24 hr after administration ; concentration was lower 
in the fetal than in the maternal serum. The fetal thyroid started concentrat­
ing the label on the 17th day of pregnancy. The iodine-concentrating activ­
ity of the fetal thyroid appeared at the same time. In the fetal thyroid 35S 
was found as sulfate and thiosulfate. 

The thionamides interfere with the organic binding of iodine. Formation 
of diiodotyrosine from monoiodotyrosine and of iodothyronines seems to be 
blocked by lower doses of propylthiouracil than is organic binding of iodine 
into monoiodotyrosine (203 ) .  Thus, treatment with propylthiouracil results 
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134 LIBERTI & STANBURY 

in an increase of the monoiodotyrosine/diiodotyrosine and the triiodothyro­
nine/thyroxine ratios (204 ) .  

The mechanism of action of the thionamides has been studied by Maloof 
and his colleagues ( 199, 205 ) .  They demonstrated that the sulfur moiety of 
thiourea is transferred to thyroid protein. It is firmly bound to protein, but 
can be displaced by nucleophilic anions such as sulfite and thiols, both of 
which are known to cleave disulfide bonds. The same anions also prevent 
desulfuration of thiourea when the active particulate fraction of the thy­
roid is preincubated in their presence. On the other hand, preincubation 
with sulfhydryl group inhibitors is ineffective. Thus, intact disulfide bonds 
appear to be essential for the desulfuration reaction, but free sulfhydryl 
groups are not 

'
involved. Maloof & Sooclak inferred that thiourea acts by 

cleaving a disulfide bond, which in turn serves as a direct acceptor for the 
sulfur of thiourea, resulting in formation of a mixed disulfide . 

. 
In vitro studies on the iodination reaction with the thyroid cytoplasmic 

particulate fraction have indicated that an intact disulfide group is also es­
sential to the formation of protein-bound monoiodotyrosine. The action of 
thiourea could be explained on the basis of competition for this common 
site. 

'
Cunningham has reported that thiourea and thiouracil reacted very rap­

idly \vith ,B-iact6globulin sulfenyl iodide, a compound that is relatively sta­
ble when reacted with other sulfhydryls like cysteine or mercaptoethanol 
(206 ) .  The reaction led to the 'formation of the mixed disulfide with /3-lac­
toglobulin. He suggested that a sulfenyl iodide may act as a reactive inter­
mediate in thyroid iodine metabolism. , 

Substances such as thiouracil and thiourea, which have high rates of re­
action with sulferiyl iodide, would interfere with the normal function of the 
intermediate by reacting with it, liberating I -, and forming an inactive 
mixed disttlfide. This hypothesis has been supported by the indirect demon­
stration of sulfenyl iodide groups in the thyroid, and by the finding that HC­
thiouracil binding depends on the presence of these groups (207 ) .  Final 
confirmation will require the isolation and characterization of the sulfenyl 
iodide compounds. 

CLINICAL ASPECTS 

Efforts have been made to find a method for selecting patients who can 
be successfully treated with drugs. Alexander et al (208) found that after 6 
months of treatment with carbimazole, patients could be divided into two 
groups on the basis of their response to the thyroid suppressibility test with 
triiodothyronine. The patients who showed greatly suppressed 1821 uptake 
had a better chance of avoiding a recurrence ; those whose uptake was not 
suppressed were prone to relapse. Unfortunately, the differentiation was far 
from perfect. Hales et al ( 209) have studied 13] I uptake and thyroid sup­
pressihility during the first 4 months of therapy and distinguished three 
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groups of subjects : patients whose uptake was suppressed as an effect of the 
antithyroid treatment, those with high uptake suppressible with triiodothy­
ronine, and patients with high uptake which was not suppressible. After 
long-term treatment, only one out of 26 patients of the first group relapsed 
within the first year after withdrawal of the drugs, while 13 of the 26 sub­
jects of the third group suffered relapse in the same period of time. Patients 
of the second group had intermediate recurrence rates. 

Vanderlaan & Storrie (210)  reported that 13% of patients treated with 
thiouracil experienced untoward reactions, fever and skin rashes being the 
most common, and 1 % developed agranulocytosis. With the drugs currently 
used, these reactions are much less frequent and severe. For both propyl­
thiouracil and methimazole, skin rash is the most common reaction, "fol­
lowed by migrating joint pain. Vanderlaan & Storrie reported that agranu­
locytosis developed in 0.44% of the patients treated with propylthiouracil 
and in 0.12% of those treated with methimazole. Jaundice during methima­
zole or propylthiouracil therapy is a tare complication (211 ) .  Scattered 
cases of aplastic anemia due both to methimazole and propylthiouracil have 
been reported (212, 213 ) .  Acute psychosis has been reported recently during 
carbimazole treatment ( 214) , Lut it is uncertain whether the complication 
resulted from the acute metabolic change induced by the drug or from the 
drug itself (21 5 ) .  

THE SULFONAMIDES 

The best known antithyroid sulfonamides (or related compounds ) are 
para-aminobenzoic acid, para-aminosalicylic " acid (PAS ) ,  sulfanilamide, 
sulfaguanidine, and sulfadiazine. Their antithyroid activity is between 1 and 
30% that of 2-thiouracil. 

The amino group on the aromatic ring is essential for antithyroid activ­
ity. Blocking of the amino group, or its substitution, leads to loss or reduction 
of activity. The position of the amino group is important ; antithyroidal ac­
tivity of aminobenzoic acid is greater when the amino group is para to the 
carboxyl group. Similarly, the various isomers of aminobenzene sulfonic 
acid and aminobenzene sulfonamide do not " have equal activities ; the ortho 
isomers are the least effective ( 194, 216) . 

These drugs interfere with organification of iodine without inhibiting 
the trapping of iodide. Milne & Greer (217)  found that, like propylthioura­
cil, sulfadiazine inhibits coupling of iodinated tyrosines more readily than it 
inhibits iodination of monotyrosine and tyrosine. MacKenzie & MacKenzie 

(218) suggested that the mechanism of thionamides is different from that 
of the sulfonamides, since iodine had different effects on the goitrogenic 
activity of these two groups of drugs. Iodine reduces goiter size in animals 
treated with thionamides, but increases thyroid hypertrophy in animals 
treated with sulfonamide. 

Milne & Greer (217)  described a WOO-fold increase in antithyroid activ-
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136 LIBERTI & STANBURY 

ity when iodine was given with sulfadiazine. The inhibitory effect of the 
drug was potentiated by as little as 10 flog of KI daily, and complete inhibi­
tion of aU organic binding was produced by 100 flog of KI daily. 

Pitney & Fraser (219) found differences in the in vitro activity of these 
two groups of drugs. Studying the inhibition of organic binding of iodine, 
they described a dose-response slope much steeper for thionamides than for 
sulfonamides. Taurog et aI, on the basis of a correlation that they found 
between oxidizability of different compounds and their capacity to inhibit in 
vitro incorporation of inorganic iodide into diiodotyrosine and thyroxine, 
suggested that these drugs interfere with some oxidative step essential to 
the organification of iodide (216 ) .  This step could be the oxidation of inor­
ganic iodide itself. This conclusion, however, was based on the assumption 
that formation of diiodotyrosine and thyroxine was inhibited to the same 
degree, a finding later disproved. 

1-5-VINYL-2-Tmo-oXAzoLIDONE 

Among the naturally occurring goitrogens, 1-5-vinyl-2-thio-oxazolidone 
is of particular interest because of its possible role in the pathogenesis of 
endemic goiter. The substance has been found both in the seeds and in the 
green parts of cruciferous weeds that are very common in the fields and 
meadows of certain goiter areas, and may be consumed in large amounts by 
cows ( 220 ) .  The substance has also been found in 6 out of 9, and 5 out of 8, 

milk specimens from farms from two different regions of endemic goiter in 
Finland (221 ) ,  but was not found in milk from nongoitrous regions. The 
concentration of the drug in the milk was between 35 and 100 /Lg per 
liter. The drug caused significant enlargement of the thyroid when adminis­
tered to rats in doses of 0.1 to 0.5 /Lg per day in long-term experiments. 
Radioiodine uptake, however, was not affected by oral doses of less than 0.5 
/Lg per day (220 ) .  

Six hours after intraperitoneal administration of a single dose o f  35S_ 
labeled drug, the concentration of radioactivity in the thyroid was five times 
that in the liver. Thyroid radioactivity decreased sharply within 2 days, 
although significant amounts were detectable over a period of 6 days ; radio­
activity disappeared from liver and kidney in 4 days (222 ) .  Doses of 
30-400 flog per day administered for 5 months to normal or slightly hyperthy­
roid patients did not affect the PBI or the radioiodine uptake. On the con­
trary, the PBpal measured between 24 and 144 hr after 1311 administration 
was significantly decreased by doses of 100 /Lg per day or more ( 223 ) .  Thus 
it appears that there may be doses of naturally occuring goitrogens which 
can reduce the quantity of circulating hormone without lowering the ra­
dioiodine uptake. This could be because of a stronger effect on iodothyro­
nine synthesis than on tyrosine iodination. The origin and chemistry of 
naturally occurring goitrogens has been thoroughly reviewed by Van­
Etten (224 ) .  
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