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Preface 

We were a little bemused when asked to edit this volume in the series Hand
book of Experimental Pharmacology. Carbimazole for an overactive thyroid 
(sometimes requiring substitution with propylthiouracil) and thyroxine for 
hypothyroidism hardly seemed to warrant a monograph in this extensive and 
well established series of books. Further reflection on the scope of the series, 
however, suggested that there was a place for a volume which dealt with the 
broader range of drug effects on the thyroid gland, particularly now we have 
learned so much more about the molecular mechanisms underlying thyroid 
hormone synthesis and intracellular action. This is, therefore, not a book on 
how to treat thyroid disorders (although we believe that it will still be of 
interest to the practising endocrinologist). We have, instead, aimed to bring 
together as much information as possible on the effects of drugs and other 
agents on the thyroid. 

The first six chapters provide the physiological and pathological back
ground necessary to understand the pharmacology contained in the later 
chapters of the book. Clinical aspects of thyroid diseases and their treatment 
are succinctly reviewed by Toft in Chap. 1. Scanlon has summarised the 
regulation of TRH and TSH secretion, so vital to the control of thyroid 
hormone production, in Chap. 2, and the recent spate of knowledge on the 
structure and function of the TSH receptor is reviewed by Misrahi and 
Milgrom in Chap. 3. This receptor could soon be an important target for 
pharmacological intervention. 

Hennemann and Visser consider the physiology of thyroid hormone syn
thesis and metabolism in Chap. 4, and Stockigt and colleagues have reviewed 
how thyroid hormones are transported in Chap. 5. Important aspects of drug 
interference are dealt with in these chapters. At the end of this section, in 
Chap. 6, Franklyn and Chatterjee have provided an update on the interaction 
of thyroid hormones with their intracellular receptors, a topic which is essen
tial for an understanding of the development of thyroid hormone antagonists, 
covered later in Chap. 13. 

The remaining chapters concentrate on various pharmacological agents 
and their effects on thyroid function. Iodine is essential to thyroid hormone 
synthesis but also has important pharmacological effects which are discussed 
by Nagataki and Yokoyama in Chap. 7. Next EI Sheikh and McGregor have 
summarised the mechanism of action of antithyroid drugs, agents which, after 



VI Preface 

50 years use, are still used as first line treatment by many endocrinologists 
dealing with Graves' disease. Chapter 9 by Lazarus deals with the effects of 
lithium on the thyroid gland, a topic of considerable importance given the 
number of patients receiving lithium as treatment for manic depression. Per
haps even more important numerically are the problems associated with 
amiodarone use, which are extensively reviewed by Wiersinga in Chap. 10. 
Meier and Burger have summarised in Chap. 11 the effects of other pharma
cological agents on thyroid function, to complete the discussion of the key 
drugs which act on the thyroid gland. 

Next, in Chap. 12, Gaitan considers the effects of a variety of environmen
tal agents on thyroid function. It is likely that such agents are still underesti
mated as a cause of goitre and other thyroid problems. Developments in the 
production of thyroid hormone antagonists are reviewed by Barlow in Chap. 
13, highlighting the potential that such agents may have in treatment in the 
future. Finally, one of us (Weetman) has discussed the effects of a variety of 
immunomodulatory agents in autoimmune thyroid disease: again, future de
velopments in our ability to treat Graves' disease are likely to come from such 
forms of treatment. 

Our thanks are due to all of the authors who have contributed these 
splendid reviews and who have provided manuscripts of such clarity that our 
editorial job has been a pleasure. We hope that you will enjoy reading these 
chapters as much as we did. We are also grateful to Springer-Verlag for 
supporting this venture, especially Doris Walker, whose ever ready help and 
skill has guided this book through its production and to Kathryn Watson 
in Sheffield and William Shufftebotham at Springer-Verlag for excellent secre
tarial and editorial assistance. 

Sheffield and London, u.K. 
August 1997 

ANTHONY WEETMAN 

ASHLEY GROSSMAN 
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CHAPTER 1 

Introduction: Clinical Aspects of Thyroid 
Treatment 
A.D. TOFT 

A. Introduction 
Graves' disease is the most common cause of hyperthyroidism in the United 
Kingdom, accounting for some 70% of cases. The natural history of the 
hyperthyroidism in the majority is one of repeated episodes of relapse and 
remission each lasting several months. It is the minority, probably about 25%, 
who experience a single episode of hyperthyroidism followed by prolonged 
remission, and even the spontaneous development of hypothyroidism 10-20 
years later (IRVINE et al. 1977). If it were possible to predict the future 
behaviour of the hyperthyroidism when the patient presented, it would be 
appropriate to prescribe an antithyroid drug for 18-24 months for those des
tined for a single episode, and to advise surgery or radioiodine therapy for the 
remainder. However, despite many ingenious efforts based on factors such as 
HLA status, presence of thyroid-stimulating hormone (TSH)-receptor anti
bodies (TRAB) and goitre size, it has not been possible to categorize patients 
with Graves' disease in respect of outcome with any degree of accuracy and 
treatment remains empirical. 

Standard teaching has been that the initial treatment in patients under 
40--45 years of age is with an antithyroid drug with a recommendation for 
surgery should relapse occur. Older patients are treated with iodine-13l. Of 
course, management varies from centre to centre and between countries and 
these differences have been highlighted in recent surveys of practice in Europe 
and in the United States. For example, the preferred treatment of a 43-year
old female presenting with hyperthyroidism of moderate severity due to 
Graves' disease who did not plan further pregnancies was antithyroid drugs 
(77%) by European physicians but iodine-131 (69%) by their North American 
counterparts. There was an even greater contrast in choice of therapy 
when the index case was changed to that of a 19-year-old female. One-third 
of physicians in the United States regarded iodine-131 as most appropriate, 
whereas the corresponding figure in Europe was only 4% (GUNOER et al. 
1987; SOLOMON et al. 1990). The more liberal use of iodine-131 is finding 
favour with an increasing number of physicians (FRANKLYN and SHEPPARD 
1992), but is permanent hypothyroidism the only significant adverse effect? At 
the same time there are claims that high remission rates can be achieved by the 
use of an unusual combination of antithyroid drugs and thyroxine (HASHIZUME 
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et al. 1991). Surgery would seem to be the loser in the face of these two 
developments. 

There is little or no debate about the management of toxic nodular goitre, 
which is with surgery or iodine-131 depending upon the age of the patient and 
the presence of significant mediastinal compression. The use of antithyroid 
drugs should be restricted to preoperative preparation. 

It is perhaps surprising that any problems are perceived with the treat
ment of primary hypothyroidism, which is usually both gratifying and simple. 
Even the therapeutic difficulties in the patient with concomitant symptomatic 
ischaemic heart disease have been largely overcome as both angioplasty and 
coronary artery bypass surgery can be safely undertaken in the presence of 
untreated or partially treated hypothyroidism. Controversy, however, has 
arisen following the development of increasingly sensitive assays for TSH, 
which have raised the question of whether a low serum TSH concentration 
«0.01 mUll) is an indication of overtreatment when recorded in asymptomatic 
patients with normal serum concentrations of thyroid hormones. And what are 
the indications for treatment of subclinical hypothyroidism? 

B. Choices of Treatment for the Hyperthyroidism of 
Graves' Disease 
I. Iodine-131 Therapy 

Those in favour of the more widespread use of iodine-131 therapy would argue 
that it is cheap, easy to administer and effective as a single dose in the majority 
of cases. By giving a relatively large dose of 400 MBq, patients will be 
hypothyroid within a year and subsequent management can pass to the pri
mary care physician. The initial anxieties about an increase in incidence of 
post-treatment thyroid carcinoma and leukaemia have evaporated. Further
more, the gonadal irradiation averages 0.8-1.4 rem, similar to that for a barium 
enema or intravenous pyelogram, and it has not been possible to show an 
association between incidental or therapeutic irradiation with iodine-131, even 
in children and adolescents, and congenital abnormalities in subsequent off
spring - although the series are small. So why not advocate a policy of iodine-
131 therapy for all non-pregnant patients with Graves' disease? Simply 
because there are anxieties about this treatment modality which cannot 
entirely be dismissed, particularly when there are other effective treatment 
options. 

1. Acceptability of Irradiation 

There is a heightened public awareness of the dangers of radioactivity as a 
result of widely reported accidents at nuclear power stations. Of the radionu
clides used in diagnostic and therapeutic nuclear medicine, iodine-131 pro
vides the greatest radiation hazard to other individuals who come into contact 
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with the patient. The UK Ionizing Radiation Regulations of 1985 are designed 
to minimize their exposure (NATIONAL RADIOLOGICAL PROTECTION BOARD 
1985) and other similar bodies exist. Because of the resultant disruption so
cially, domestically and at the workplace, albeit temporary, a significant mi
nority, even among those over the age of 40-45 years for whom iodine-131 has 
always been the first choice of treatment, are refusing such an option. Disaffec
tion with radioactive iodine is likely to increase if the recommendations of the 
International Commission on Radiological Protection are implemented, limit
ing the annual dose of radiation for members of the public to 1 mSv (INTERNA
TIONAL COMISSION ON RADIOLOGICAL PROTECTION 1990). In this circumstance, 
the patient treated for hyperthyroidism with 400MBq iodine-131 will be ad
vised to spend less than 11/ zh on public transport in the lst week, to take 3 days 
off work, to sleep apart from his or her partner for 20 days and to avoid contact 
closer than l.Om with children aged 11 or less for up to 3 weeks (O'DOHERTY 
et al. 1993). This is hardly a practical treatment for active men and women in 
their twenties and early thirties with young families. 

2. Gastric Carcinoma 

A recent Swedish report analysed cancer mortality in more than 10000 pa
tients with an average age of 56 years at the time of treatment with iodine-131, 
and found that there was a significant increased risk of death from cancer of 
the stomach more than 10 years after exposure (HALL et al. 1992). The prob
ability of a radiation-induced cancer is proportional to the radiation dose 
received by the organ in question. It is perhaps not surprising, therefore, that 
an excess mortality from gastric carcinoma has been demonstrated, as after the 
thyroid, the stomach receives the greatest amount of radiation following a 
therapeutic dose of iodine-131 for hyperthyroidism; thyroid cancer does not 
develop because a relatively large radiation dose either kills or sterilizes the 
follicular cells. 

The latest methods for predicting excess cancer risks following radiation 
exposure indicate that, for most radiosensitive organs, there will be an increas
ing risk of attributable cancer with time. This is because, after a latent period 
of a few years, the pattern of appearance of radiation-induced cancer is 
thought to follow a constant multiple of the "natural" baseline rates which 
themselves invariably increase with age. If people are young at the time of 
exposure, they have simply more life ahead of them in which radiation
induced cancer can be expressed, so that the cumulative lifetime risk is 
higher than for someone exposed at an older age. This view, taken together 
with the Swedish study, provides a cogent argument against reducing the long
established age threshold for radioiodine treatment for hyperthyroidism in 
Europe of 40-45 years. 

3. Ophthalmopathy 

Although a large retrospective study has shown no influence of the type of 
treatment of the hyperthyroidism of Graves' disease on the clinical course of 
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the ophthalmopathy (SRIDAMA and DEGROOT 1989), most clinicians will cite 
anecdotal evidence that the eye disease will worsen most often after iodine-
131. This clinical suspicion has been supported by a recent prospective study in 
which ophthalmopathy developed for the first time or was exacerbated in one
third of patients treated with iodine-131 and was twice as frequent, and of 
more severity, than in those treated with antithyroid drugs or surgery 
(TALLsTEDTet a1.1992). However, serum TSH concentrations were more often 
raised in the iodine-131-treated patients and subsequently it has been shown 
that the development of subclinical or overt hypothyroidism following iodine-
131 is associated with the onset or exacerbation of ophthalmopathy (KUNG et 
al. 1994). Surprisingly, more patients in this study developed ophthalmopathy 
than experienced an exacerbation of pre-existing disease; and inhibition of the 
post-radioiodine surge in serum TRAB concentrations with methimazole and 
thyroxine as "block and replacement therapy" did not influence the natural 
history of the ophthalmopathy, although corticosteroids have been shown to 
be beneficial in this respect if given for 3-4 months (BARTALENA et al. 1989). 

Unless the ophthalmopathy is severe, when even slight deterioration 
might result in the need for orbital decompression, the presence of eye disease 
is not a contraindication to treatment with iodine-131. However, it may be 
sensible to consider corticosteroids following iodine-131 therapy for 3-4 
months in those with mild or moderate ophthalmopathy and to ensure in all 
patients that prolonged periods of thyroid failure do not occur in the early 
months after treatment. This would require closer supervision than the normal 
pattern for review in most centres. It would also be appropriate to advise that 
smoking is stopped as this is an established risk factor for ophthalmopathy 
(SHINE et al. 1990). 

4. Calcitonin Deficiency 

Although intra thyroidal C-cells do not concentrate radioactive iodine, they 
could be damaged indirectly due to their contiguity to follicular cells. Indeed, 
both basal and intravenous calcium-stimulated calcitonin concentrations are 
reduced in patients in whom hyperthyroidism has been treated with iodine-131 
(TZANELA et al. 1993). The consequences of long-term calcitonin deficiency 
are not known but may include osteoporosis. This is particularly relevant as 
most patients treated with iodine-131 will develop hypothyroidism, and thy
roxine replacement in a dose sufficient to suppress serum TSH concentrations 
may be a factor in reducing bone mineral density. 

II. Thyroid Surgery 

One year after subtotal thyroidectomy for Graves' disease, undertaken by an 
experienced surgeon, 80% of patients will be euthyroid, 15% will have per
manent thyroid failure and in 5% operation will have failed to cure the 
hyperthyroidism (TOFT et al. 1978). These figures flatter to deceive as 50% will 
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be hypothyroid after 25 years (FRANKLYN 1994), and even later recurrence of 
thyrotoxicosis is well recognized (KALK et al. 1978). Published figures for 
hypothyroidism may be overestimated unless it has been recognized that 
thyroid failure occurring in the first 6 months after operation may be tempo
rary. Neither of the other two treatments for Graves' hyperthyroidism is 
associated with a scar or a 1 % chance of permanent hypoparathyroidism or 
vocal cord palsy. Even in the absence of damage to a recurrent laryngeal 
nerve, significant changes in voice quality may be recorded after subtotal 
thyroidectomy (KARK et al. 1984), making surgery an inadvisable option for 
those who depend upon their voice for a living. Surgery does promise the 
longest period of euthyroidism and is probably the most appropriate treat
ment for young patients who are poorly compliant with antithyroid drugs, the 
hope being that if and when thyroid failure or recurrent hyperthyroidism 
occurs they will be sufficiently mature to adhere to treatment. The consensus 
is that surgery is indicated as the primary treatment in severely hyperthyroid 
young patients with large goitres in whom relapse is almost certain after a 
course of antithyroid drugs. 

OI. Antithyroid Drug Therapy 

Drugs such as carbimazole and its active metabolite, methimazole, are effec
tive in controlling hyperthyroidism because they inhibit thyroid hormone 
production. In patients with hyperthyroidism caused by Graves' disease, these 
drugs may also have an immunosuppressive action, causing a fall in the serum 
concentrations of TRAB (WEETMAN et al. 1984). The main disadvantage of 
antithyroid drug therapy is that the recurrence rate after treatment is stopped 
varies widely from 25% to 90% (SUGRUE et al. 1980; FRANKLYN 1994). Factors 
affecting the recurrence rate include dosage and duration of treatment 
(ALLANIC et al. 1990). One reason for using high doses of antithyroid drugs, 
which must be combined with thyroid hormone to avoid hypothyroidism, is 
the belief that their postulated immunosuppressive effect may be dose related. 
For example, in one study the recurrence rate was 55% in patients treated with 
an antithyroid drug alone and 25% in patients given combined therapy 
(ROMALDINI et al. 1983). However, in a large prospective multicentre Euro
pean trial (REINWEIN et al. 1993), combination therapy was no more effective. 

It is the dissatisfaction with these high recurrence rates, following pro
longed treatment with antithyroid drugs for 18-24 months, which have led 
many physicians to begin to favour a more liberal age policy for the use of 
iodine-131. Against this background, the report that in Japanese patients the 
rate of relapse of hyperthyroidism could be reduced from 35 % to less than 2 % 
by treatment with methimazole for 18 months, to which thyroxine was added 
after the first 6 months and continued for 3 years after the antithyroid drug was 
stopped, could be regarded as the single most important development in the 
management of Graves' hyperthyroidism for many years (HASHIZUME et al. 
1991). The explanation provided for these remarkable results was that by 
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suppressing endogenous TSH secretion with thyroxine, thyroid antigen re
lease would be inhibited and the serum concentration of TRAB, the cause of 
the hyperthyroidism of Graves' disease, would fall. If confirmed in other 
ethnic groups, combined antithyroid drug T4 therapy would become the initial 
treatment of choice in all patients with Graves' hyperthyroidism, surgery and 
radioiodine being reserved for that small proportion of patients who relapse. 
Unfortunately when the study was repeated in a large number of Caucasian 
patients not only was there no difference in the rate of fall of serum TRAB 
concentrations between the antithyroid drug alone group and fuat taking 
combined therapy, but also rates of recurrence of hyperthyroidism were iden
tical (McIvER et al. 1996). 

So on the one hand patients with Graves' disease are fortunate in that they 
have a choice of treatments, each of which is usually effective in controlling the 
hyperthyroidism, but on the other hand none is perfect and there is no overall 
frontrunner. The treatment offered and accepted will continue to depend 
upon the prejudices of the physician and of the patient and upon the local 
circumstances such as availability of isotope facilities and the services of an 
experienced surgeon. The author's prejudice is to reserve iodine-131 therapy 
for older patients and to favour prolonged courses of antithyroid drugs in 
younger patients repeated, if necessary, if surgery is declined. It is perfectly 
reasonable to maintain patients on small doses of an antithyroid drug for many 
years, recognizing that adverse effects may occur at any time, although usually 
within 3-6 weeks of starting treatment. 

C. Subclinical Hyperthyroidism 
Patients with normal serum concentrations of thyroid hormones but sup
pressed TSH in the context of Graves' disease in remission and nodular goitre 
have tended to be observed until overt hyperthyroidism develops, often after 
several years. However, there is now evidence that a low serum TSH concen
tration of itself is a risk factor for atrial fibrillation (FORFAR et al. 1981; SAWIN 
et al. 1994) and, particularly in the elderly, a case can be made for "nipping 
it in the bud" by administering iodine-131 and preventing the possibility of 
future morbidity or even mortality (PARKER and LAWSON 1973). 

D. Correct Dose of Thyroxine in Primary 
Hypothyroidism 
The advice of the American Thyroid Association in the management of pri
mary hypothyroidism is that "the goal of therapy is to restore most patients to 
the euthyroid state and to normalize serum T3 and T4 concentrations" (SURKS 
et al. 1990). This stance is a consequence of studies which have shown that 
doses of thyroxine which suppress TSH secretion have more widespread ef-
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fects such as increasing nocturnal heart rate, shortening the systolic time 
interval, increasing urinary sodium excretion and serum enzyme activities in 
liver and muscle and decreasing the serum cholesterol concentration (LESLIE 
and TOFT 1988). These effects are similar to, but less marked than, those in 
overt hyperthyroidism. The greatest concern, however, is the possible delete
rious effect on bone of over-replacement. Significant decreases in bone min
eral density at various sites have been found in some but in no means all 
studies of pre- and postmenopausal women receiving long-term thyroxine 
therapy in doses sufficient to suppress TSH concentrations (ToFT 1994). It is 
difficult to reconcile the results of the various studies, many of which were 
small and poorly controlled for important risk factors for osteoporosis such 
as smoking, insufficient exercise, relative calcitonin deficiency due to 
thyroidectomy or iodine-131 treatment, previous hyperthyroidism and inad
equate dietary intake of calcium and vitamin D. The current consensus is that 
a little too much thyroxine is likely to be only a minor aetiological factor in the 
development of osteoporosis, if it is a factor at all. Indeed there are those who 
would question the relevance of minor changes in target organ function in 
individuals who are asymptomatic, the more so when a recent retrospective 
study failed to demonstrate an increase in morbidity or mortality in thyroxine
treated patients with suppressed serum TSH compared to those with normal 
serum TSH (LEESE et al. 1992), nor is there any evidence of an increased 
fracture rate (SOLOMON et al. 1993). There is also the important clinical obser
vation that some patients prefer taking a daily dose of thyroxine of 50 J..Lg in 
excess of that required to normalize the serum TSH response to thyrotrophin
releasing hormone (CARR et al. 1988), and there is some evidence for tissue 
adaptation to thyroid hormone excess (NYSTROM et al. 1989). For practical 
purposes, therefore, it would seem reasonable to modify the advice of the 
American Thyroid Association to cater for those patients in whom there will 
only be a sense of well-being when the serum TSH concentration is undetect
able, using an assay with a lower limit of detection of 0.01-0.05 mUll. In this 
circumstance serum free T4 is unlikely to exceed 30pmolll and T3 will be 
unequivocally normal. 

E. Subclinical Hypothyroidism: Treatment or Not? 
Subclinical hypothyroidism is the rather unsatisfactory term used to describe 
asymptomatic patients in whom serum thyroid hormone concentrations are 
normal but TSH elevated. Developing spontaneously and due to autoimmune 
thyroid disease, it is present in 3 % of the population and in 10% of postmeno
pausal women. It is commonly found after treatment of hyperthyroidism by 
surgery, iodine-131 or antithyroid drugs, but may result from the use of medi
cation such as lithium carbonate or amiodarone. 

There has been great interest in the effect of subclinical hypothyroidism 
and its treatment with thyroxine on circulating lipid concentrations because of 
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the association of overt hypothyroidism with hyperlipidaemia and increased 
risk of ischaemic heart disease. The results of studies have been conflicting and 
no clear message emerges (FRANKLYN 1995; KUNG et al. 1995). 

Those favouring a pragmatic approach to the management of subclinical 
hypothyroidism will be most influenced by the knowledge that between 25% 
and 50% of such patients feel better while taking thyroxine (COOPER et al. 
1984; NYSTROM et al. 1988) and by the fact that the annual rate of evolution 
from subclinical to overt hypothyroidism is approximately 5% (TUNBRIDGE 
et al. 1981) and may be as high as 20% in patients over 65 years of age 
(ROSENTHAL et al. 1987). In those patients with minor elevations of serum TSH 
«lDmU/I) and no goitre, history of thyroid disease or antithyroid peroxidase 
antibodies, the measurement should be repeated in 3-6 months to determine 
whether long-term treatment with thyroxine is necessary, because the initial 
raised concentration may simply reflect recovery from non-thyroidal illness or 
transient thyroid injury. 
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CHAPTER 2 

Control of TRH and TSH Secretion 
M.F. SCANLON 

A. Introduction 
The hypothalamus stimulates thyroid function via thyroid-stimulating hor
mone (TSH) since hypothyroidism occurs if the hypothalamus is lesioned or 
diseased, or if the pituitary stalk is transected. This stimulatory hypothalamic 
control is exerted by thyrotrophin-releasing hormone (TRH), a tripeptide 
produced by peptidergic neurons and transported along their axons to 
specialised nerve terminals in the median eminence of the hypothalamus 
where it is released into hypophyseal portal blood and hence transported to 
the anterior pituitary gland (JACKSON 1982). Circulating thyroid hormones 
exert powerful negative feedback inhibitory actions on the thyrotrophs and 
also on TRH-producing hypothalamic neurons (Fig. 1). In addition, several 
secondary modulators exert lesser degrees of control over TSH secretion, the 
net result of which is the maintenance of a steady output of TSH and therefore 
of thyroid hormones. The neuroregulation of TSH secretion has recently been 
reviewed in depth (SCANLON and TOFT 1995) which forms the basis for this 
chapter. The most important secondary modulators are somatostatin and 
dopamine, both of which inhibit the function of the thyrotrophs, and a
adrenergic pathways, which are, in general, stimulatory. Other modulators 
of thyroid function include glucocorticoid hormones, various cytokines and 
other inflammatory mediators. 

B. Negative Feedback Action of Thyroid Hormones 
Serum TSH in rats is rapidly suppressed to 10% of pretreatment concentra
tions within 5 h of T3 administration. Further TSH suppression occurs more 
slowly and only after chronic treatment with T3. The rapid phase of TSH 
suppression is paralleled by an increase in nuclear T3 content, and serum TSH 
concentrations rise as nuclear T3levels decline (SILVA et al. 1978). There is an 
inverse relationship between nuclear T3 receptor occupancy and serum TSH 
concentrations after acute administration of T3. About half of pituitary nuclear 
T3 is derived from the intracellular 5'-monodeiodination of thyroxine (T4) , 
which is a greater fraction than in other tissues; this monodeiodination may be 
the mechanism by which the thyrotrophs respond to changes in serum T4 
concentrations (SILVA and LARSEN 1978). 
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Fig. 1. Central pathways in the feedback regulation of TSH secretion. (From SCANLON 

and TOFT 1995, with permission) 

The major actions of thyroid hormones are to regulate gene expression 
after binding to specific nuclear receptors. Thyroid hormone receptors are 
structurally related to the viral oncogene v-erb A and, together with steroid, 
vitamin D and retinoic acid receptors, form a family of receptor proteins with 
important structural similarities. Several cDNAs that encode different thyroid 
hormone receptors (a and {3) have been described. Binding of T3 to a site on 
the carboxyl-terminal end of the receptor activates the receptor so that the 
T3-receptor complex binds to specific nucleotide sequences on target genes 
(EVANS 1988). In thyrotrophs, the activated T3 receptor inhibits trans
cription of the a-subunit and TSH-f3-subunit genes in proportion to nuclear 
T3-receptor occupancy. 

In addition to this action, thyroid hormones also modulate the expression 
of the TRH-receptor gene (YAMADA et al. 1992). The number of TRH recep
tors on thyrotrophs increases in hypothyroidism and can be reduced by thyroid 
hormone replacement (HINKLE et al. 1981). Conversely, in rat pituitary 
tumour cells, TRH itself reduces T3-receptor gene expression (JONES and CHIN 
1991), receptor number and T3 responsiveness (KAJI and HINKLE 1987), which 
may represent a further site of feedback interaction between T3 and TRH at 
the level of the pituitary. Thyroid hormones exert negative feedback actions 
on the hypothalamus (KAKUCSKA et al. 1992). TRH mRNA increases in the 
para ventricular nuclei in hypothyroidism and is reduced by thyroid hormone 
treatment. Furthermore, rats with bilateral lesions of the paraventricular nu
clei do not show a normal rise of serum TSH and TSH-subunit mRNA after 
induction of primary hypothyroidism (TAYLOR et al. 1990), an effect that 
presumably reflects depletion of TRH. These results indicate that the 
para ventricular nuclei are a target for the action of thyroid hormones in the 
control of TRH gene expression and release, providing an additional mecha
nism for thyroidal regulation of TSH secretion (TAYLOR et al. 1990; KANUCSKA 
et al. 1992; GREER et al. 1993). 



Control of TRH and TSH Secretion 13 

c. Structure and Actions of TRH 

TRH is a weakly basic tripeptide, pyro-Glu-His-Pro-amide which, like other 
more complex peptides, is derived from post-translational cleavage of a larger 
precursor molecule (LECHAN et al. 1986). The cDNA sequence of the rat TRH 
precursor encodes a protein with a molecular size of 29000 daltons that con
tains five copies of the sequence Glu-His-Pro-Gly (JACKSON 1989). Rat pro
TRH is processed at paired basic residues to a family of peptides that include 
TRH and flanking and intervening sequences. These peptides may exert im
portant intracellular or extracellular actions (Wu 1989), in particular prepro
TRH-(160-169), which stimulates TSH gene expression (CARR et al. 1992, 
1993). There may be preferential processing of pro-TRH to produce different 
peptides in different brain regions (LECHAN et al. 1986). 

Immunoreactive TRH is widely distributed in the hypothalamus with 
highest concentrations in the median eminence and the so-called "thy
rotrophic area" or paraventricular nuclei (JACKSON 1982). Lesions of the 
paraventricular nuclei reduce circulating TSH levels and prevent the increase 
in serum TSH that occurs in primary hypothyroidism (TAYLOR et al. 1990). 
TRH and pro-TRH perikarya are present in the parvicellular division of this 
nucleus (JACKSON and LECHAN 1985), which is the major site of origin of the 
immunoreactive TRH in the median eminence as opposed to other brain 
regions such as the tractus solitarius (SIAUD et al. 1987). The TRH gene is also 
expressed in the anterior pituitary (BRUHN et al. 1994; CROISSANDEAU et al. 
1994) and TRH-positive axons are present in posterior pituitary tissue. How
ever, lesions of the paraventriclar nuclei reduce the content of TRH in both 
anterior and posterior pituitary tissue, indicating that the hypothalamus is a 
source of some of the immunoreactive TRH in these areas. 

The dominant stimulatory role of the hypothalamus in the control of the 
thyrotroph is mediated by TRH (JACKSON 1982). The pituitary TRH receptor 
belongs to the family of seven transmembrane domain, G-protein-coupled 
receptors. TRH is present in hypophyseal portal blood at physiologically 
relevant concentrations (SHEWARD et al. 1983) and administration of anti
bodies to TRH to animals can cause hypothyroidism. Intravenous administra
tion of 15-500 J1g TRH to normal humans causes a dose-related release in 
TSH. In normal subjects serum TSH levels increase within 2-5 min, are maxi
mal at 20-30min and return to basal by 2-3h. Peak serum T3 and T4 levels 
occur about 3 and 8h, respectively, after TRH administration. In addition to 
stimulating TSH release, TRH also stimulates TSH synthesis by promoting 
transcription and translation of the TSH subunit genes, actions that involve 
calcium influx, activation of phosphatidyl-inositol pathways and protein 
kinase C (CARR et al. 1991; SHUPNIK et al. 1992; HAISENLEDER et al. 1993). 
These actions are modulated by cAMP and the pituitary-specific transcription 
factor, Pit-l (STEINFELDER et al. 1992; MASON et al. 1993; KIM et al. 1994) 
(Fig. 2). 
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Fig.2. Receptor-mediated actions on the thyrotroph T3reduces the actions of SS, DA, 
adrenaline and TRH probably via reduced number of corresponding receptors. These 
actions and the activation of pyroglutamyl aminopeptidase are probably due to binding 
of the activated thyroid hormone receptor (THR) to relevant parts of the genome. 
Numbers in parentheses indicate the chromosomal location of the genes for the a and 
f3 THRs and the a- and f3-subunits of TSH. (From SCANLON and TOFT 1995, with 
permission) 

TRH plays an important role in the post-translational processing of the 
oligosaccharide moieties of TSH, and hence exerts an important influence on 
the biological activity of TSH (MAGNER 1990). Full glycosylation of TSH is 
required for complete biological activity. This provides an explanation for the 
clinical observation that some patients with central hypothyroidism and 
slightly elevated basal serum TSH concentrations secrete TSH with reduced 
biological activity that increases after TRH administration. It is likely that 
alterations in both hypothalamic TRH secretion and in the response of 
thyrotrophs to TRH contribute to the variable biological activity of the TSH 
secreted by patients with different thyroid disorders (MIURA et al. 1989), and 
those with TSH-secreting pituitary adenomas (GESUNDHEIT et al. 1989). 

D. Structure and Actions of Somatostatin 
Somatostatin (SS) was originally isolated from ovine hypothalamic tissue be
cause it inhibits GH release from anterior pituitary tissue. Subsequently, SS 
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was found to inhibit TSH secretion in both animals and humans. The structure 
of the gene encoding SS in both humans (SHEN et al. 1982) and rats (MONTMINY 
et al. 1984) is now known. SS-producing hypothalamic neurons are found 
mainly in the anterior periventricular region. About half the SS in the median 
eminence arises from the preoptic region while the remainder arises from the 
suprachiasmatic and retrochiasmatic regions. A lower density of SS-producing 
neurons is present in the ventromedial and arcuate nuclei and also in the 
lateral hypothalamus (HALASZ 1986). SS is also widely distributed throughout 
the extrahypothalamic nervous system and other body tissues, where it exerts 
a wide array of inhibitory actions. It is secreted in two principal forms: a 14-
amino-acid peptide and an N-terminal extended peptide (somatostatin-28). Its 
precursor, preproSS, is a 116-amino-acid peptide (SHEN et al. 1982; GOODMAN 
et al. 1983) that undergoes differential post-translational processing in differ
ent tissues to yield varying amounts of the 14- and 28-amino-acid forms of the 
hormone. Each of these forms is secreted into hypophyseal portal blood in 
physiologically relevant concentrations (MILLAR et al. 1983). 

SS inhibits basal and TRH-stimulated TSH release from rat anterior pitui
tary cells (VALE et al. 1975), suggesting a dual control system for TSH, stimu
lation by TRH and inhibition by SS, analogous to that demonstrated for 
growth hormone: its physiological relevance was established in studies using 
antisera against SS. Incubation of anterior pituitary cells with anti-SS serum 
causes increased secretion of TSH (as well as GH), and administration of 
antiserum to rats increases basal serum TSH concentrations and the serum 
TSH responses to both cold stress and TRH (ARIMURA and SCHALLY 1976; 
FERLAND et al. 1976). In humans, SS administration reduces the elevated 
serum TSH concentrations in patients with primary hypothyroidism, reduces 
the serum TSH response to TRH, abolishes the nocturnal elevation in TSH 
secretion, and prevents TSH release after administration of dopamine antago
nist drugs. SS-14 and -28 exert equipotent effects on TSH release (RODRIGUEZ
ARNAO et al. 1981). Furthermore, GH administration in humans decreases 
basal and TRH-stimulated TSH secretion (LIPPE et al. 1975), probably because 
of direct stimulatory effects of GH on hypothalamic SS release (BERELOWITZ 
et al. 1981). In patients with pituitary disease, TSH secretory status correlates 
inversely with GH secretory status (COBB et al. 1981). Despite these potent 
acute inhibitory effects of SS on TSH secretion in humans, long-term treat
ment with SS or the long-acting analogue, octreotide, does not cause 
hypothyroidism (PAGE et al. 1990), presumably because the great sensitivity of 
the thyrotrophs to any decrease in serum thyroid hormone concentrations 
overrides the inhibitory effect of SS in the long term. 

SS binds to at least five distinct types of specific, high-affinity receptors 
(SSTR 1 to 5) in the anterior pituitary, brain and other tissues (GONZALES et 
al. 1989; KIMURA 1989). The receptor subtypes differ in binding specifities, 
molecular weight and linkage to adenylate cyclase. The pituitary SS receptors 
(predominantly SSTR 2 and SSTR 5) are negatively coupled to adenylate 
cyclase through the inhibitory subunit of the guanine nucleotide regulatory 
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protein, conventionally termed Ni, a mechanism that mediates at least some of 
the inhibitory actions of this neuropeptide. However, SS also acts indepen
dently of cAMP by reducing calcium influx and inducing hyperpolarization of 
membranes through conventional G protein linkage to calcium and potassium 
channels, respectively (NILSSON et al. 1989) (Fig. 2). 

E. Actions of Neurotransmitters 
An extensive network of neurotransmitter neurons terminates on the cells 
bodies of the hypophysiotropic neurons, and within the interstitial spaces of 
the median eminence, where they regulate neuropeptide release into hypo
physeal portal blood. In addition, dopamine (and possibly other neurotrans
mitters) is released directly into hypophyseal portal blood and exerts direct 
actions on anterior pituitary cells, particularly as the major physiological in
hibitor of prolactin release, but to a lesser extent as a physiological inhibitor of 
TSH release. 

As a consequence of the specialised anatomical arrangements within the 
hypothalamus, each of the hypophysiotropic neuronal systems that regulate 
TSH secretion (TRH, SS and dopamine) are, in turn, influenced by networks 
of other neurons that project from several brain regions. Without these projec
tions, basal TSH secretion (in rats and presumably in humans) and feedback 
regulation by thyroid hormones is relatively normal, suggesting that basal 
TRH secretion is regulated by intrinsic hypothalamic function interacting with 
pituitary and thyroid hormones. In contrast, circadian rhythms of TSH and 
pituitary-thyroid changes in response to stress and cold exposure (in lower 
animals) are mediated by nerve pathways that project to the medial basal 
hypothalamus (FUKUDA and GREER 1975). 

The principal systems that influence tuberoinfundibular neurons contain a 
bioamine neurotransmitter (dopamine, serotonin, histamine or adrenaline), 
although several other neuropeptides and amino acid neurotransmitters may 
playa role. Virtually all the dopaminergic, nor adrenergic and serotoninergic 
pathways that project to the hypothalamus arise from groups of nuclei located 
in the midbrain. Two dopaminergic systems exist within the hypothalamus: 
one, entirely intrinsic to the hypothalamus, arises in the arcuate nuclei, and 
the other projects from the midbrain. Histaminergic pathways are intrinsic to 
the hypothalamus, whereas adrenergic pathways arise from cell groups in the 
midbrain, although an intrinsic hypothalamic noradrenergic system also may 
exist. Opioid and y-aminobutyric acid systems are mainly intrinsic to the 
hypothalamus. Cholinergic systems appear to play little part in the neuro
regulation of TSH secretion (MORLEY 1981). 

In view of the complexity of these interacting neuronal networks, it is 
hardly surprising that neuropharmacological attempts to dissect the relative 
contributions of different neurotransmitter systems to the neuroregulation of 
TSH secretion have proved difficult. Furthermore, certain pathways have been 
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studied extensively in rats yet hardly at all in humans, and the lack of availabil
ity of specific neuropeptide antagonists has limited study of the direct physio
logical relevance of many of these molecules. Despite these problems 
consensus views have developed concerning the roles of several neurotrans
mitter pathways. 

Studies using central neurotransmiter agonist and antagonist drugs have 
indicated the existence of stimulatory a-noradrenergic and inhibitory dopam
inergic pathways in the control of TSH secretion in rats. a-Adrenergic agonists 
injected systemically or into the third ventricle stimulate TSH release, and a
adrenergic antagonists or catecholamine-depleting drugs block TSH responses 
to cold (MORLEY 1981). More precisely, it appears that ~ pathways are stimu
latory, whereas a) pathways are inhibitory (KRULICH 1982). It has been as
sumed from such in vivo studies that these neurotransmitter effects are 
mediated by the appropriate modulation of the release of TRH, SS or both, 
into hypophyseal-portal blood. A clear example of this is that the acute TSH 
release that follows cold stress in rats can be abolished by pretreatment with 
either anti-TRH antibodies or a-adrenergic antagonists, suggesting that ad
renergically stimulated TRH release mediates this effect (JACKSON 1982). 

The results of in vitro studies using rat hypothalamic tissue, however, are 
not in keeping with this attactive and simple hypothesis. For example, dopam
ine and dopamine-agonist drugs stimulate both TRH and SS release from rat 
hypothalamus, acting through the DAz class of dopamine receptors (LEWIS et 
al. 1987,1989). This may reflect a general action of DAz receptors to mediate 
enhanced neuropeptide release at the level of the median eminence, in con
trast to the usual inhibitory action of DAz agonists at the level of the anterior 
pituitary. 

Although little precise knowledge exists regarding central mechanisms, it 
is clear that dopamine and adrenaline exert opposing actions on TSH release 
directly at the anterior pituitary level. Furthermore, both these molecules are 
present in rat hypophyseal portal blood at higher concentrations than in 
peripheral blood and at concentrations that could exert physiological actions 
on the thyrotrophs (BEN-JONATHAN et al. 1977; JOHNSTON et al. 1983). Dopam
ine inhibits TSH release from rat (FOORD et al. 1980) and bovine (COOPER et al. 
1983) anterior pituitary cells in a dose-related, stereospecific way, and there is 
striking parallelism between the inhibition of TSH and prolactin by dopamine 
and dopamine-agonist drugs (FOORD et al. 1983). As with prolactin, this inhibi
tory action on TSH release is mediated by DA2 receptors (FOORD et al. 1983) 
that are negatively coupled to adenylate cyclase. TSH release by thyrotroph 
cells from hypothyroid animals is more sensitive to the inhibitory effects 
of dopamine, which may reflect increased DAz receptor number rather 
than affinity (FOORD et al. 1984). In contrast, the sensitivity of prolactin to 
the inhibitory effects of dopamine is reduced in lactotroph cells from 
hypothyroid animals (FOORD et al. 1984, 1986), a phenomenon that may con
tribute to the hyperprolactinaemia that occurs in some patients with primary 
hypothyroidism. 
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Evidence from in vitro studies using rat anterior pituitary cells suggests 
that TSH may specifically regulate its own release through the induction of 
DA2 receptors on the thyrotroph cells (FOORD et aL 1985), perifused cells 
showing little dopaminergic sensitivity due to rapid dispersion of locally re
leased TSH. These data indicate a mechanism for the ultrashort-loop feedback 
control of TSH secretion that is dependent on the functional integrity of the 
hypothalamo-pituitary axis and consequent catecholamine supply (Fig. 2). 

In addition to its acute inhibitory effects on TSH secretion in vitro, 
dopamine also decreases the levels of a-subunit and TSH-,B-subunit mRNAs 
and gene transcription by up to 75% in cultured anterior pituitary cells 
from hypothyroid rats. These effects occur within a few minutes and can be 
reversed by activation of adenylate cyclase with forskolin (SHUPNIK et aL 
1986). Similar actions of dopamine have been described in relation to prolactin 
gene expression. 

In contrast to dopamine, adrenergic activation stimulates TSH release by 
cultured rat and bovine anterior pituitary cells in a dose-related stereospecific 
fashion. This effect is mediated by high-affinity, ~-adrenoreceptors (PETERS 
et aL 1983a; KUBANSKI et aL 1983; DIEGUEZ et aL 1984), and both ~
adrenoreceptors and ~-receptor-mediated TSH release are reduced in cells 
from hypothyroid animals (DIEGUEZ et aL 1985). Quantitatively, the adrener
gic release of TSH is almost equivalent to that induced by TRH (DIEGUEZ et 
aL 1984). Together, at maximal dosage, these two agents have additive effects 
on TSH release, indicating activation of separate intracellular pathways. It is 
likely that dopamine and adrenaline exert their direct actions on the 
thyrotrophs by opposing actions on cAMP generation, with DA2 receptors 
being negatively linked to adenylate cyclase and a1-adrenoreceptors being 
positively linked (Fig. 2). 

In humans, it is well established that dopamine has a physiological inhibi
tory role in the control of TSH release, and some data suggest a stimulatory a
adrenergic pathway. In contrast to the situation in animals, evidence for direct 
effects of dopaminergic and adrenergic manipulation on TSH release by nor
mal human pituitary cells is lacking. Data from the use of dopamine, dopamine 
agonists and specific dopamine-receptor antagonist drugs such as 
domperidone, which does not penetrate the blood-brain barrier to any appre
ciable extent, suggest that dopamine-induced decreases in TSH secretion are 
a direct pituitary or median eminence action mediated by the DA2 class of 
dopamine receptor (BURROW et aL 1977; SCANLON et aL 1977, 1979). 

The dopaminergic inhibition of TSH release varies according to sex, thy
roid status, time of day and prolactin secretory status. TSH release after 
endogenous dopamine disinhibition with dopamine-receptor-blocking drugs, 
such as metoclopramide and domperidone, is greater in women than in men 
(SCANLON et aL 1979). It is assumed that oestrogens determine this effect, but 
the mechanism of action is unknown. The dopaminergic inhibition of TSH 
release, like the stimulation of TSH release by TRH, is also greater in patients 



Control of TRH and TSH Secretion 19 

with mild- or subclinical hypothyroidism than in normal subjects or severely 
hypothyroid patients (SCANLON et al. 1980a). The mechanisms that underlie 
this biphasic relationship between the dopaminergic inhibition of TSH release 
and thyroid status are not known, but data from in vitro studies of anterior 
pituitary cells from hypothyroid rats suggest an increase in dopamine-receptor 
capacity rather than affinity (FOORD et al. 1984). Also, the concentration of 
dopamine in hypophyseal portal blood of thyroidectomised rats is greater than 
that of sham-operated rat. This is due to increased activity of tyrosine hydroxy
lase in the median eminence, an effect that can be reversed by thyroid hor
mone replacement (REYMOND et al. 1987; WANG et al. 1989). In addition to its 
effects on the release of TSH, dopamine also inhibits the release of a-subunit 
and TSH-,B-subunit, the greatest effect occurring in patients with primary 
hypothyroidism (SCANLON et al. 1981; PETERS et al. 1983b). 

Only limited data are available on the adrenergic control of TSH release 
in humans. a-Adrenergic blockade with phentolamine, which does not readily 
cross the blood-brain barrier, or with thymoxamine, which does, inhibits the 
serum TSH response to TRH (ZGLICZYNSKI and KANIEWSKI 1980) and reduces 
but does not abolish the nocturnal rise in TSH secretion (VALCAVI et al. 1987). 
Overall, these data suggest a small stimulatory role for endogenous adrenergic 
pathways in TSH control in humans. The catecholaminergic control of TSH 
secretion appears to act as a fine-tuning mechanism rather than being of 
primary importance. This is not to say that the effects of catecholamines are so 
small as to be without consequence. For example, acute dopaminergic block
ade in humans releases enough TSH to elicit subsequent release of thyroid 
hormones. As with SS-agonist analogues, however, chronic administration of 
catecholaminergic drugs does not lead to long-term alterations in thyroid 
status, reflecting the action of compensatory mechanisms to maintain TSH 
secretion and euthyroidism. 

The role of the serotoninergic system in the control of TSH release in 
animals and humans is unclear, both stimulatory and inhibitory actions having 
been described (MORLEY 1981; SMYTHE et al.1982). Opioid pathways appear to 
play an important role in the inhibitory control of TSH secretion in rats 
because opioid peptides decrease basal TSH secretion. Their action can be 
blocked by the specific antagonist naloxone (SHARP et al. 1981), which also 
blocks the stress-induced fall in TSH secretion (JUDD and HEDGE 1982). In 
humans, however, endogenous opioids may have a stimulatory effect on TSH 
secretion, especially during the nocturnal TSH surge (SAMUELS et al. 1994). A 
variety of other neuropeptides including neurotensin, vasoactive intestinal 
polypeptide, bombesin, vasopressin, oxytocin, substance P and cholecystoki
nin can produce small alterations in TSH secretion both in vitro and in vivo in 
animals, but the lack of suitable specific antagonist drugs has not allowed 
adequate physiological studies to be undertaken. These molecules should be 
added to the list of agents that can affect TSH secretion, but their relevance is 
uncertain. 
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F. Actions of Cytokines and Inflammatory Mediators 
Tumour necrosis factor (TNF; cachectin) is a peptide produced by macroph
ages that acts as an inflammatory mediator and can cause many of the clinical 
phenomena that accompany severe systemic illness. Interleukin-1 (IL-1) is a 
cytokine produced by many cells, including monocytes, that stimulates B- and 
T-Iymphocytes to produce a range of other cytokines and lymphokines. Both 
TNF and IL-1f3 inhibit TSH secretion in rats and mice (DUBUIS et al. 1988; 
OZAWA et al. 1988; PANG et al. 1989), while IL-1f3 causes a relative and 
inappropriate reduction in TRH gene expression in the paraventricular 
nucleus in the face of low thyroid hormone concentrations (KAKUCSKA et 
al. 1994). These molecules each produce a biochemical pattern similar to 
that which occurs in patients with acute non-thyroidal illness (HERMUS et al. 
1992; PANG et al. 1993) and they also activate the hypothalamo-pituitary
adrenal axis (WOLOSKI et al. 1985; BEsODOVSKY et al. 1986; BERNTON et al. 
1987) probably via stimulation of the release of hypothalamic corticotrophin
releasing hormone (SAPOLSKY et al. 1987). This family of molecules plays a 
crucial role in mediating and coordinating the thyroidal and adrenal responses 
to non-thyroidal illness. IL-1f3 is produced by rat anterior pituitary cells, and 
its release from them can be stimulated by bacterial lipopolysaccharide. It 
colocalises with TSH in thyrotroph cells (KOENIG et al. 1990). Presumably IL-
113 subserves an important autocrine or paracrine role in anterior pituitary 
control, as has also been suggested for the IL-1-dependent cytokine IL-6, 
which is also produced by rat anterior pituitary cells (SPANGELO et al. 1990), 
particularly folliculo-stellate cells (V ANKELECOM et al. 1989). 

G. Physiological and Secondary TSH Changes 
Alterations in TSH secretion occur in relation to both the pattern and degree 
of change in basal TSH secretion or in the pattern and degree of serum TSH 
responses to TRH or dopamine-receptor blockade. A clear circadian variation 
is evident in serum TSH concentrations. In most humans, serum TSH concen
trations begin to rise several hours before the onset of sleep, reaching maximal 
concentrations between 2300 and 0400 hours and declining gradually thereaf
ter, with the lowest concentrations occurring at about 1100 hours. The concen
trations during the nocturnal surge are sometimes slightly above the normal 
range reported by most clinical laboratories. Sleep itself modulates TSH secre
tion, by reducing pulse amplitude rather than frequency (PARKER et al. 1987; 
BRABANT et al. 1990), but the underlying mechanisms are not clear. Further
more, a seasonal variation in TSH secretion has been described in patients 
with primary hypothyroidism receiving T4 therapy; some of these patients have 
higher basal serum TSH concentrations in the winter than in the summer 
(KONNO and MORIKAWA 1982). This may be a consequence of temperature 
effects on the peripheral metabolism of thyroid hormones, but such a differ
ence was not found in euthyroid subjects (BRABANT et al. 1989). Although 
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there is some evidence that oestrogens can enhance and androgens reduce 
serum TSH responses to TRH, no sex-related difference in amplitude or 
frequency of circadian TSH changes has been found (BRABANT et al. 1989). 

TSH is secreted in a pulsatile manner with increases in pulse amplitude 
and frequency at night (ROSSMANITH et al. 1988; BRABANT et al. 1990). Patients 
with severe primary hypothyroidism have increased pulse amplitude through
out the day but loss of the usual nocturnal increase in pulse amplitude. The 
pulses of TSH-a and the gonadotrophins are concordant, consistent with the 
operation of a common hypothalamic pulse generator (SAMUELS et al. 1990). 

The circadian and pulsatile changes in TSH secretion are not secondary 
to peripheral factors, such as changes in serum T4 and T3 concentrations, 
haemoconcentration, or changes in cortisol secretion (SALVADOR et al. 1988), 
although the latter may modulate TSH rhythms. Furthermore, circadian 
changes in serum TSH concentrations can be detected in some patients with 
mild thyrotoxicosis (EVANS et al. 1986), suggesting that central mechanisms 
can to some extent override the powerful negative-feedback effects of thyroid 
hormones at the pituitary level. 

Basal serum TSH concentrations rise slightly after serum cortisol concen
trations are lowered by llf3-hydroxylase inhibition with metyrapone (RE et al. 
1976), suggesting that cortisol exerts a small inhibitory influence on TSH 
secretion. Furthermore, pharmacological doses of glucocorticoids acutely in
hibit basal TSH secretion and abolish the circadian variation in serum TSH 
concentrations (BRABANT et al. 1989). This mechanism may well explain the 
reduction in basal and TRH-stimulated serum TSH concentrations and in 
circadian TSH changes that occurs in patients with depression (SOUETRE et al. 
1988; BARTALENA et al. 1990a), after major surgery (BARTALENA et al. 1990b) 
and in non-thyroidal illness. Total abolition of the circadian rhythm of cortisol 
with metyrapone, however, did not cause disruption of overall circadian TSH 
changes, although a small but significant decrease did occur in the acrophase 
and amplitude of the TSH profile (SALVADOR et al. 1985). 

The central mechanisms that underlie TSH pulsatility and rhythmicity are 
unknown. Pulsatile TRH release does not appear to be involved in TSH pulse 
frequency although it may influence amplitude (SAMUELS et al. 1993). 
Pulsatility is probably mediated in part by signals from the suprachiasmatic 
nuclei of the hypothalamus. These nuclei are paired structures situated just 
above the optic chiasm that initiate intrinsic circadian rhythmicity, the timing 
of which can be influenced by non-visual nerve impulses arising in the retina 
(MOORE 1983). Although both dopamine and dopamine agonists acutely abol
ish the circadian change in TSH secretion (SOWERS et al. 1982; BRABANT et al. 
1989), endogenous dopaminergic pathways probably do not playa role in 
determining the circadian changes in TSH secretion. The nocturnal increase in 
TSH secretion is not due to a decline in dopaminergic inhibition because 
dopaminergic inhibition of TSH release is greater at night than during the day 
(SCANLON et al. 1980b; ROSSMANITH et al. 1988). Dopamine is, however, a 
determinant of TSH pulse amplitude (but not frequency) (ROSSMANITH et al. 
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1988). It appears that dopamine acts as a fine-tuning control to dampen TSH 
pulsatility, presumably to maintain basal TSH concentrations and hence thy
roid function in as steady a state as possible. Why the serum TSH response to 
dopamine blockade is greater at night than during the day is not known. It is 
unlikely to be due to increased central dopaminergic activity, since the serum 
prolactin response to dopamine blockade is the same during the day and night 
(SALVADOR et al. 1988). 

Similarly, a-adrenergic pathways do not playa primary role in deter
mining TSH circadian rhythmicity, since a-adrenergic blockade with 
thymoxamine, which penetrates the blood-brain barrier, did not affect the 
circadian pattern of TSH secretion, although serum TSH concentrations de
creased slightly throughout the entire period of study (V ALCAVI et al. 1987). 
Serotonin, although present in high concentrations in the suprachiasmatic 
nucleus, does not play any major role in circadian TSH secretion in humans 
(O'MALLEY et al. 1984), nor does the pineal hormone melatonin (STRASSMAN 
et al. 1988), which in animals exerts an inhibitory effect on hypothalamo
pituitary-thyroid function (GORDON et al. 1980). TSH may regulate its own 
secretion through an increase in dopamine receptors at the level of the 
thyrotrophs (FOORD et al. 1985), a finding that could explain the higher serum 
TSH and unaltered serum prolactin responses to dopamine blockade at the 
time of greatest TSH secretion (SALVADOR et al. 1988). A further possible 
contributor to the changes in circadian TSH secretion in rats is the diurnal 
variation in the activity of anterior pituitary T4-5' -deiodinase in this species 
(MURAKAMI et al. 1988). 

Cold exposure in rats causes an acute rise in serum TSH concentrations 
that is accompanied by an increase in hypothalamic TRH gene expression and 
increased TRH release (ZOELLER et al. 1990; RAGE et al. 1994). A similar 
phenomenon occurs in human neonates, but is unusual in adults; when it 
does occur the increase is very small. The cold-induced effect in rats can be 
abolished by either passive immunisation with anti-TRH antibodies or a
adrenergic blockade, indicating that adrenergic release of hypothalamic 
TRH mediates the phenomenon (JACKSON 1982; MORLEY 1981; SCANLON et al. 
1980). Lesions that affect the temperature-regulating centre of the preoptic 
nucleus of the hypothalamus abolish the serum TSH response to cold stres but 
do not cause hypothyroidism (MORLEY 1981). 

Aging itself causes a slight decrease in TSH secretion. Thyroid secretion, 
however, changes little, due to a resetting of the threshold of TSH inhibiti~n 
by thyroid hormones as a result of increased pituitary conversion of T4 to T3, 
increased T4 uptake by thyrotrophs (LEWIS et al. 1991) or decreased T4 and T3 
clearance. In one study of healthy elderly subjects 5% had low basal serum 
TSH concentrations and those same subjects had a reduced serum TSH re
sponse to TRH (FINUCANE et al. 1989). In addition, TSH pulse amplitude was 
reduced, with preservation of the frequency of pulsatility and the overall 
pattern of circadian change (VAN COEVERDEN et al. 1989). These data should 
introduce caution into the use of TSH assays alone in the assessment of thyroid 
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function in the elderly. The underlying mechanism is unclear, but the change 
in TSH secretion may reflect an adaptive mechanism to the reduced need for 
thyroid hormones in the elderly (VAN COEVERDEN et al. 1989). 

Calorie restriction causes a small decrease in basal and TRH-stimulated 
serum TSH concentrations despite a decline in serum T3 concentrations 
(BORST et al. 1983). In rats this is associated with reduced hypothalamic TRH 
gene expression (BLAKE et al. 1991; SHI et al. 1993). The components of the 
decrease in TSH secretion in humans are a reduction in the daytime serum 
TSH concentration and in the nocturnal increase in TSH secretion, with an 
overall decrease in TSH pulse amplitude (ROMIJN et al. 1990). Passive 
immunisation with SS antiserum abolishes the starvation-induced decline in 
TSH secretion in rats (HUGUES et al. 1986), indicating a mediating role of 
hypothalamic SSergic pathways secondary to unknown metabolic signals. 
There is no evidence of increased dopaminergic inhibition of TSH secretion 
during caloric restriction (MORA et al. 1980; RODJMARK 1983), and TRH admin
istration does not reverse the acute decline in serum TSH concentrations 
during fasting (SPENCER et al. 1983). 

In rats stress causes an acute decline in serum TSH concentrations. In 
humans, surgical stress causes transient acute lowering of serum TSH 
(BARTALENA et al. 1990b). This occurs despite a fall in serum free T3 concentra
tions, whereas serum free T4 concentrations do not change (W ARTOFSKY and 
BURMAN 1982; BARTALENA et al. 1990b). In animals, both opioids and dopam
ine may playa role in this stress phenomenon, whereas in humans glucocorti
coids and dopamine have been implicated (JUDD and HEDGE 1982; W ARTOFSKY 
and BURMAN 1982; ZALAGA et al. 1985). As with the effects of caloric re
striction, these stress phenomena bear some resemblance to the altered 
neuroregulation of TSH that can occur in non-thyroidal illness and in certain 
neuropsychiatric disorders. Although basal serum TSH concentrations are 
usually normal in patients with both acute and chronic non-thyroidal illness, 
they may be either low or slightly raised. In addition to the frequent use of 
pharmacological agents such as glucocorticoids and dopamine that acutely 
inhibit TSH secretion (WEHMAN et al. 1985; HAMBLIN et al. 1986), intrinsic 
central suppression of thyrotroph function is common, as illustrated by the 
abolition of the nocturnal increase in serum TSH concentrations in up to 60% 
of acutely ill patients in the presence of low serum free T3 concentrations 
(ROMIJN et al. 1990). However, true central hypothyroidism is rare in these 
patients, who usually, although not always, have normal serum free T4 concen
trations (FABER et al. 1987; ROMIJN et al. 1990). 

Abnormalities in TSH secretion also occur in patients with anorexia 
nervosa and endogenous depression. A commOn abnormality is a reduced 
serum TSH response to TRH (MORA et al. 1980; LOOSEN 1988). Even more 
commOn is loss of the nocturnal increase in TSH secretion (BARTALENA et al. 
1990a), which together with the low serum free thyroid hormone, ferritin, 
and sex hormone-binding globulin concentrations may indicate central 
hypothyroidism. Once again, the mechanisms are unclear. Dopamine is not 
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involved in central TSH suppression in anorexia nervosa (MoRA et al. 1980), 
but increased serum cortisol concentrations may contribute; both serum cor
tisol and body temperature changes have been implicated in depression 
(SOUETRE et al. 1988; BARTALENA et al. 1990a). 

It seems clear that, in addition to peripheral alterations in thyroid hor
mone economy usually manifest as low serum free T3, high reverse T3 and 
normal free T4 concentrations, there is central suppression of thyrotroph func
tion in patients with severe non-thyroidal illness, for example, with heart 
failure, infection, diabetes mellitus (KABADI 1984; SMALL et al. 1986) or chronic 
renal failure (POKRAY et al. 1974). The precise initiating signals and underlying 
mechanisms are unknown, although alterations in opioidergic, dopaminergic 
and somatostatinergic activity may each contribute. In addition, peripheral, 
glucocorticoid-mediated inhibitory feedback probably plays an important 
role, particularly in acutely ill patients (DELITALA et al. 1987). Finally, activa
tion of the cytokine pathways involving tumor necrosis factor-a and IL-j3, each 
of which inhibit TSH and stimulate ACTH release in animals (DUBVIS et al. 
1988; OZAWA et al. 1988), may be a crucial mediating event in the coordination 
of the thyroidal and adrenal responses to stress and non-thyroidal illness. 
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CHAPTER 3 

The TSH Receptor 
M. MISRA HI and E. MILGROM 

A. Introduction 
The thyroid-stimulating hormone (TSH) receptor (TSHR) plays a key role in 
the control of thyroid growth and function. This G-protein-coupled receptor 
essentially activates adenylate cyclase and to a lesser extent phospholipase C. 
The role of the cAMP cascade in the production of thyroid hormones and in 
the mitogenic effect of TSH has been thoroughly studied (reviewed in 
DUMONT et al. 1989). 

Interest in this receptor also stemmed from its implication in autoimmune 
diseases (reviewed in REES SMITH et al. 1988; WEETMAN and MCGREGOR 1994). 
Autoantibodies directed against the TSHR which are able to mimic TSH 
function are found in Graves' disease patients: this leads to hyperthyroidism. 
The frequency of this organ-specific autoimmune disease is unique among 
endocrine diseases (reviewed in WILKIN 1990). Understanding of the specific
ity of the TSHR among glycoprotein hormone receptors, and more generally 
among G-protein-coupled receptors, has offered a challenge to many re
searchers. The establishment of the structure of the TSHR in thyroid tissue, as 
well as the identification of the epitopes recognised by the autoantibodies, 
were obvious first steps for the elucidation of the pathophysiology of the 
disease. 

Due to the fragility of the receptor and its scarcity in thyroid tissue, the 
cloning of the TSHR lagged behing other G-protein-coupled receptors. The 
classical approach through immunopurification and monoclonal antibodies 
production failed, and indeed several reported monoclonal antibodies were 
later demonstrated to be directed against unrelated proteins (KOHN et al. 
1984). The use of autoantibodies from patients was also deceptive as the 
heterogeneity of these autoantibodies led to the identification of other thyroid 
autoantigens (LEEDMAN et al. 1993). 

The structure of TSHR was a matter of considerable debate prior to its 
cloning, with a reported molecular mass varying from 90 to 500 kDa and the 
number of subunits ranging from one to three. Unexpectedly, controversy as 
to the structure of the TSHR still remains after its cloning. Different molecular 
masses between 46 and 210kDa are still proposed for various receptor species 
with either one or two subunits. A ganglioside has also been reported to be an 
integral component of the purified TSHR (KIELCZYNSKI et al. 1991). It must, 
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however, be stressed that very few of these recent studies have been per
formed with human thyroid tissue using completely characterised antibodies. 

B. TSH Receptor Cloning 
Cloning relied on the presupposed homologies between the TSHR and other 
related glycoprotein hormone receptors and/or other G-protein-coupled re
ceptors. The LHlCG receptor was the first member of the glycoprotein hor
mone receptor family to be cloned (LOOSFELT et al. 1989; McFARLAND et al. 
1989): it was subsequently used as a probe in cross-hybridisation experiments 
to clone the TSHR from human thyroid tissue (MISRAHI et al. 1990). A parallel 
approach was the use of low stringency polymerase chain reaction (PCR) 
based on conserved regions of the transmembrane domain of more distant G
protein-coupled receptors (LIBERT et al. 1989). NAGAYAMA et al. (1989) also 
reported the cloning of the human TSHR. 

The mature protein deduced from the cDNA sequence is 743 residues 
long and has a calculated MW of -85 kDa. It comprises a seven transmem
brane domain of 266 amino acids, characteristic of G-protein-coupled recep
tors, and a large extracellular domain of 394 amino acids which corresponds to 
the hormone-binding domain. This domain contains six potential glycosylation 
sites; it is formed by the juxtaposition of repetitive leucine-rich sequences. 
Such motifs have been previously described in a family of proteins able to 
interact with other proteins implicated in cell adhesion. The crystallographic 
structure of one member of this familly, the ribonuclease inhibitor, has re
cently been described (review in KOBE and DEISENHOFER 1994). Leucine-rich 
repeats correspond to ~a structural units comprising a short ~strand and an 
a-helix approximately parallel to each other. The structural units are arranged 
so that all the ~strands and the helices are parallel to a common axis. The 
protein has a non-globular horseshoe-shaped structure with a curved parallel 
~sheet lining the inner circumference of the horseshoe and a-helices flanking 
its outer circumference. Strong protein-protein interactions very probably 
occur in the concave surface. Modelling of the three-dimensional structure of 
the TSHR was subsequently performed on the basis of these findings (KAJAVA 
et al. 1995). 

Two clusters of cysteines are found at both extremities of the extracellular 
domain of the TSHR. They may be implicated in the formation of disulphide 
bridges. The extracellular domain can be divided into regions according to 
their homology to luteinising hormone (LH) and follicle-stimulating hormone 
(FSH) receptors. The conservation of the limits of these regions in all three 
receptors is quite striking and this suggests a similar arrangement of their 
functional domains (Fig. 1). 

The seven transmembrane domain of the TSHR is the transduction do
main. It is highly conserved (-70%) among glycoprotein hormone receptors 
(Fig. 1) but has very poor sequence homology with other G-protein-coupled 
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Fig. 1. Comparison of the structure of human LH/CG (MINEGISH et al. 1990), human 
FSH (MINEGISH et al. 1991) and human TSH (MISRAHI et al. 1990) receptors. Receptors 
are divided into regions according to the extent of homology (indicated by thickness of 
the figure representing the FSH and TSH receptors). Dashed regions represent the 
putative signal peptide and the seven membrane spans. £1-5 are the putative extracel
lular and 11, 12 the intracellular domains. Amino acid numbering is shown above and 
below the figure. (From MISRAHI et al. 1993) 

receptors. However, certain amino acids are remarkably conserved between 
TSHR, gonadotrophin receptors and other G-protein-coupled receptors. This 
suggests that there may be similarities in the mechanisms of ligand binding and 
signal transmission. A computer search also showed the existence within the 
third cytoplasmic loop of a motif found in non-receptor-type tyrosine kinases 
(MISRAHI et a1.1990); this motif is absent in the corresponding viral oncogenes, 
but its function within the TSHR is currently unknown. 

The intracellular domain of the TSHR is 83 amino acids long. It can be 
divided into two regions according to its homology with gonadotrophin recep
tors. The initial (amino-terminal) part of the domain is highly conserved while 
the remaining part is divergent. This domain contains several serines and 
threonines which are potential substrates for phosphorylation. A target pro
tein kinase C sequence is found, but whether and how the TSHR is phospho
rylated remains unknown. 

c. Structure of the TSHR in the Human Thyroid Gland 
Cloning the cDNA encoding the TSHR allowed its sequencing and thus the 
deduction of its amino acid sequence. However, this does not take into ac-



36 M . MISRAHI and E. MILGROM 

count possible post-translational modifications. It was thus necessary to devise 
adequate immunological tools to study the receptor protein structure by 
immunoblot, immunoprecipitation, etc. We expressed the TSHR ectodomain 
or intracellular domain as fusion proteins in E. coli and used them to immunise 
mice. Monoclonal antibodies were prepared and selected for optimal affinity 
(LoosFELT et al. 1992). Their specificity was verified by a variety of methods 
(immunoprecipitation of 125I_TSHR complexes, immunopurification, immuno
cytochemistry, etc.). Using these antibodies we immunopurified the receptor 
with a variety of different monoclonal antibodies and analysed its structure by 
immunoblotting. These experiments showed the presence in the thyroid of a 
receptor molecule formed by a glycosylated -53-kDa extracellular subunit 
(Fig. 2A, TSHRT) and a -33- to 42-kDa transmembrane non-glycosylated 
subunit (Fig. 2B, TSHRT): both subunits were held together by disulphide 
bridges. Longer exposures of the auto radiograms did not allow the detection 
of uncleaved mature receptor, and only traces of a mannose-rich precursor 
were observed (Fig.2A, TSHRT) (LoosFELT et al. 1992; MISRAHI et al. 
1994). 
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Fig.2A,B. Comparison of the TSHR species present in human thyroid glands and in 
permanently transfected L cells. The immunopurified receptor preparations were re
solved by SDS/P AGE under reducing conditions and detected by immunoblot. A 
Immunoblot with T5-51 (monoclonal antibody raised against the extracellular domain 
of the TSHR). B Immunoblot with T3-365 (monoclonal antibody raised against the 
intracellular domain of the TSHR). TSHR-T, receptor from human thyroid gland; 
TSHR-L, receptor expressed in L cells. Lanes a, d, untreated receptors; lanes b, e, 
receptors treated with peptide N-glycanase F (note the deglycosylated form of the 
TSHR is more strongly labelled by the T5-51 monoclonal antibody); lanes c, f, recep
tors treated with endoglycosidase H. Lanes a, b, c, 2 days autoradiography of the 
immunoblots; lanes d, e, f, overexposure (15 days) of the immunoblot of extracts of 
human thyroid. Arrows designate the endoglycosidase-H-sensitive 95-kDa monomer 
which accumulates in L cells and is present in trace amounts in the thyroid. Size of the 
molecular mass markers is indicated on the left in kilodaltons. (From MISRAHI et al. 
1994) 
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This structure is similar to that suggested previously by REES SMITH (re
view in REES SMITH et al. 1988), but diverges from several other reports. 
POTIER et al. (1994) observed two main bands at -150 kDa and -90 kDa in non
reducing conditions, while after reduction these were replaced by a diffuse 
band at 50-55kDa (thus similar to the a-subunit we have observed). 
COSTAGLIOLA et al. (1991) detected a unique -93-kDa species whereas MARION 
et al. (1992) described receptor species of 46-48kDa and 86-88kDa and 
GROSSMAN et al. (1995) described receptor species of -230, 180 and 95 kDa. 

D. Structure of the TSHR in Transfected Cells 
We also used these tools to analyse the TSHR in stably transfected L cells. In 
these cells we observed a complex pattern of three receptor species (MISRAHI 
et al. 1994) (Fig. 2A, B TSHRL): 

1. An a-f3 dimer held together by disulphide bonds, similar to that observed in 
the thyroid. Glycosylation of the a-subunit was more extensive in L cells 
yielding a protein with an apparent molecular weight of -60kDa. However, 
deglycosylation by N glycanase F of human thyroid and L-cell a-subunits 
yielded the same polypeptide core of -35kDa (Fig.2A, TSHRL). Two 
individualised sharp f3-subunits are observed in L cells instead of the broad 
band present in the thyroid. This may be due to differences in the post
translational modifications of the f3-subunits in thyroid and L cells or to the 
existence of alternative cleavage (Fig. 2B, TSHRL). 

2. A small amount of uncleaved mature receptor of -120 kDa. The carbo
hydrates of this receptor can be digested by N glycanase F but not 
endoglycosidase H. The amount of the mature -120 kDa species was vari
able and seemed to be related to cell growth conditions and cell confluence. 

3. A large amount of a mannose-rich precursor of molecular weight -95 kDa. 
The carbohydrates of the latter can be digested by both N glycanase F and 
endoglycosidase H. It should be noted that glycosylation of N-linked oli
gosaccharides occurs in two steps. The protein first undergoes glycosylation 
of the high-mannose type in the endoplasmic reticulum. The mannose 
residues are then trimmed and complex oligosaccharides are added within 
the Golgi apparatus. The two types of glycosylated proteins can be differen
tiated by the use of endoglycosidase H. This enzyme removes only the 
mannose-rich carbohydrates while both types of glycosylated residues are 
removed by N glycanase F. 

Pulse-chase experiments performed in L cells confirmed the nature of 
these precursors. They showed the successive appearance in L cells of the -95-
kDa high-mannose precursor glycoprotein followed by a -120-kDa species 
containing mature oligosaccharides. This latter precursor was then processed 
into the mature a- and f3-subunits. In primary cultures of human thyrocytes, 
precursors of similar size could be detected (MISRAHI et al. 1994). 
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Finally, immunoelectron microscopy studies were performed with the 
same monoclonal antibodies. They demonstrated the distribution of the differ
ent forms of the TSHR in thyroid and transfected cells. In human thyrocytes 
most of the receptor was present on the cell surface. In L cells the receptors 
were likewise detected on the cell surface but a large proportion of receptor 
was also found inside the cell (in the endoplasmic reticulum and in the Golgi 
apparatus). The latter pool of receptor probably corresponds to the high 
mannose-rich precursor. This accumulation is probably due to the 
overexpression of the receptor and to the insufficiency of the cellular machin
ery required for the processing of the receptor in these transfected cells 
(MISRAHI et al. 1994). 

A great number of other experiments have been performed on transfected 
cells with diverging results. The group of Rapoport initially reported a mono
meric -lOO-kDa protein in CHO cells. They also observed a -54-kDa species 
the proportion of which varied in different experiments and which they consid
ered to be a product of artefactual proteolysis (Russo et al. 1991a). However, 
they recently reported that variation in the concentration of the -54-kDa 
species was due to incomplete reduction of disulphide bridges, and thus seems 
to suggest that this receptor form is not a proteolysis artefact (CHAZENBALK 
and RApOPORT 1994). 

The group of Kohn (BAN et al. 1992) has transfected TSHR in Cos-7 cells 
and observed receptor species of 230,180, 95-100kDa as well as minor bands 
of 54 and 48kDa. Their assumption was that the 230- and 180-kDa species 
corresponded to precursor forms whereas the 54-kDa and 48-kDa bands cor
responded to degradation products. It is, however, difficult to understand how 
a receptor with a polypeptide core deduced from its cDNA sequence of 
84.5 kDa can have precursors of 230 and 180 kDa molecular weight. A mono
meric 104-kDa receptor has also been observed in CHO cells (ENDO et al. 
1992), while HARFST et al. (1994) describe in the same cells receptor species of 
180kDa (attributed to an artefact of aggregation), 55kDa (thought to be a 
proteolytic artefact) and -lOOkDa. 

E. Controversies on Receptor Structure 
As described above, there has been an extraordinary variety of receptor forms 
observed by various authors. In our experience this is for several reasons. 

Immunoblot experiments with glycoprotein hormone receptors (LHI 
CGR, FSHR, TSHR) are difficult to interpret due to the fact that these 
heterogeneous proteins yield wide bands. Thus, the specific signal is "diluted" 
and can be difficult to distinguish from non-specific bands. Furthermore, there 
is a strong tendency for these proteins to aggregate and to interact with 
other proteins. If precautions are not taken the majority of the receptor may 
remain on the top of the gel. For these reasons it has proved very difficult for 
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us to obtain meaningful results in Western blots of whole membrane extracts: 
only prior enrichment of receptor (for instance immunoprecipitation or 
immunopurification) allowed us to get rid of the majority of the non-specific 
bands. Of course, high-affinity antibodies with well controlled specificity are a 
prerequisite. 

Finally, in transfected cells the mannose-rich precursor has often been 
mistaken for a mature full-length receptor. N glycanase F and endoglycosidase 
H treatments are necessary to clearly identify the bands which are observed. 

The possibility has been frequently raised that the cleavage of receptor 
does not occur in vivo but is an artefact of tissue (or cell) homogenisation and 
of receptor handling. There is now a wealth of evidence disproving this pos
sibility. First, in human thyroid we never found even a trace of mature 
uncleaved receptor, suggesting that the "artefactual" phenomenon should 
have been improbably complete in every single experiment. In addition, the 
use of a variety of protease inhibitors during tissue homogenisation and han
dling was without effect. 

Furthermore, in both human thyroid cells and in transfected cells the 
cleavage reaction occurs in vivo as shown by the spontaneous shedding of 
the receptor ectodomain (COUET et al. 1996a). In the same transfected L cells, 
the related LH/CG (Vu HAl et al. 1992) and FSH (V ANNIER et al. 1996) 
receptors do not undergo cleavage whereas the TSHR does. This cleavage is 
specifically inhibited in vivo by the incubation of cells with the specific matrix 
metalloprotease inhibitor BB 2116 (COUET et al. 1996a and see below). 

F. Expression of the TSH Receptor in the 
Baculovirus System 
Various groups have used the baculovirus system to produce high levels of 
receptor proteins. Spodoptera frugiperda insect cells (Sf9 and Sf21) infected 
with a recombinant baculovirus encoding the complete human TSHR 
synthesise a monomeric protein of -90kDa (MISRAHI et al. 1994). It has been 
shown in these cells that many proteins are expressed as incompletely 
processed forms. Comparison of this receptor with the product of in vitro 
transcription-translation (-85kDa) suggested that some incomplete glycosy
lation did occur, probably of the high-mannose type. The insolubility of this 
receptor precluded characterisation by the use of endoglycosidases. Immun
oelectron microscopy showed that nearly all the receptor molecules expressed 
in insect cells were trapped in the endoplasmic reticulum. Thus, the baculovirus 
system cannot be used to obtain large amounts of intact functional receptor. 

Expression of the extracellular domain of the TSHR in Sf9 cells has also 
been reported. The receptor produced is either non-functional (HUANG et al. 
1993; HARFST et al. 1992) or only very partially able to bind hormone 
(SEETHARAMAIAH et al. 1994; CHAZENBALK and RApOPORT 1995). 
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G. Shedding of TSH Receptor Ectodomain in Thyroid 
and Transfected Cells 
Quantification of TSHR subunits in human thyroid membranes demonstrated 
an unexpected 2.5- to 3-fold excess of f3- over a-subunits (LOOSFELT et al. 
1992). This observation led to the hypothesis that the a-subunit might be shed 
from cell membranes and released into the extracellular space or bloodstream. 
Such a phenomenon could be relevant in the context of autoimmune diseases. 
Indeed, using a quantitative immunoradiometric assay, performed with two 
monoclonal antibodies directed against the extracellular domain of the TSHR, 
we have detected a spontaneous shedding of the ectodomain of the TSHR 
in the culture medium of L cells and CHO cells stably transfected with the 
TSHR, as well as in primary cultures of human thyrocytes (CouETet al.1996a). 
Accumulation of this soluble receptor was time dependent and reached -25% 
of the total cellular receptor by 48h. This soluble TSHR (sTSHR) specifically 
bound TSH. Immunopurification of sTSHR from the L-cell line conditioned 
media and deglycosylation experiments demonstrated that its polypeptide 
core corresponds to the a-subunit (-35 kDa) of the receptor. 

The presence of sTSHR in normal human serum was also detected using 
the same assay. Our assumption is that this sTSHR is generated by shedding. 
TSHR-related peptide-like immunoreactivity (MURAKAMI et al. 1992) and 
TSH-binding protein (HUNT et al. 1992) have been previously detected in 
human serum. Alternatively, spliced TSHR mRNAs have been cloned from 
normal and Graves' disease thyroids (TAKESHITA et al. 1992; GRAVES et al. 
1992; HUNT et al. 1995). Further experiments should allow us to determine 
what is the main source for the sTSHR found in human serum, differentiating 
between post-transcriptional or post-translational mechanisms. More experi
ments are also needed to ascertain whether there is a correlation between the 
serum sTSHR and specific pathological conditions such as autoimmune dis
eases or thyroid cancers. 

Various cell surface receptors are shed into the extracellular milieu (re
viewed in EHLERS and RIORDAN 1991; TEDDER 1991). In several cases receptor 
shedding is increased by ligand binding or by protein kinase C activation. TSH 
induced a significant but limited (25%-30%) increase in the shedding of the 
sTSHR. Phorbol esters and calcium ionophores mimicked the effect of TSH, 
while agents acting on the cAMP pathway had no effect. 

Lowering serum concentrations from 10% to 1 % greatly enhanced TSHR 
shedding by an unknown mechanism. There was no relationship between the 
inhibitory effect of serum and cell growth. When cell division was stimulated 
by insulin and other growth factors there was no inhibition of TSHR shedding. 

The use of various inhibitors of intracellular trafficking of the receptor led 
to the conclusion that receptor modifications involved in the shedding occur 
at (or close to) the cell membrane. The subtilisin family of serine proteases 
corresponds to the best-known convertases involved in the maturation of 
precursor proteins (SEIDAH and CHRETIEN 1992). One member of this family, 
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furin, is involved in the maturation of the insulin proreceptor (BRAVO et a1. 
1994). This maturation occurs in the late Golgi compartment. However, previ
ous pulse chase experiments indicated that the cleavage mechanisms are non
identical for TSH and insulin receptors (MISRAHI et a1. 1994). 

While most protease inhibitors were ineffective in modulating sTSHR 
production, BB2116, a synthetic hydroxamic acid acting as a specific inhibitor 
of zinc-dependent matrix metalloproteases, which has been shown to inhibit 
the maturation of tumour necrosis factor a (GEARING et a1. 1994), totally 
suppressed sTSHR accumulation in culture medium. This effect was second
ary to a strong inhibition of TSHR cleavage into alj3-heterodimers (COUET 
et a1. 1996a). 

BB2116 inhibits the activity of several matrix metalloprotease in vitro: 
collagenases, stromelysins, gelatinases and PUMP I. These enzymes are se
creted by the cells and are implicated in the physiological remodelling of 
connective tissue in destructive inflammatory pathologic processes and in 
tumour invasion (reviewed in WOESSNER 1991; STETLER-STEVENSON et a1. 1993). 
The cleavage sites cannot be predicted as matrix metalloproteases exhibit 
broad substrate and sequence specificities. Cross-linking of radiolabelled TSH 
to intact cells expressing mutant TSHR localised the proteolytic cleavage site 
between residues 261 and 418 (Russo et a1. 1992). Immunopurification of 
receptor subunits followed by protein sequencing should allow us to establish 
the precise cleavage site. 

The shedding of the TSHR is a two-step process: cleavage of the receptor 
followed by disulphide bond(s) reduction (Fig. 3). The membrane impermeant 
sulphhydryl reagent DTNB was used to determine whether disulphide bonds 
of the receptor are reduced at the cell surface. This compound markedly 

TSHR 120-kDa precursor Heterodimeric TSHR sTSHR shedding 

Fig. 3. Schematic representation of the two steps involved in sTSHR shedding. The 
first step corresponds to a cleavage of the -120-kDa precursor by a matrix 
metalloprotease-like enzyme (MMP-like) leading to the formation of a heterodimeric 
receptor (COVET et a1. 1996a). The second step corresponds to the reduction of the 
disulphide bonds holding the two subunits of the receptor by protein disulfide 
isomerase (PDI), (COVET et a1. 1996b) 
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inhibited receptor shedding, confirming that thiol-disulphide exchange reac
tions are involved at the cell membrane. Furthermore, the antibiotic bacitracin 
also elicited a marked inhibition of TSH receptor shedding both from trans
fected cells and from primary cultures of human thyrocytes. This inhibition 
was not due to a decreased cleavage of the TSH receptor, as shown by western 
blots. Three enzymes are known to catalyze disulphide oxidoreduction re
actions in mammalian cells: protein disulphide isomerase, thioredoxin and 
glutaredoxin. 

Bacitracin is known to be an inhibitor of PDI (ROTH et a. 1981; MANDEL et 
al. 1993). Monoclonal antibodies raised against PDI were used to confirm that 
the latter enzyme is involved in receptor shedding. Three of these antibodies 
have been shown to be inhibitory of its activity (KAETZEL et al. 1987). These 
three inhibitory antibodies markedly inhibited the shedding of TSH receptor 
ectodomain when compared to a control-unrelated antibody (COVET et al. 
1996b). PDI is a major intracellular protein and a multifunctional enzyme. 
Most of PDI is localized in the endoplasmic reticulum, where it catalyzes 
disulphide bridge formation, isomerization, and reduction (FREEDMAN et al. 
1994). These reactions are necessary for the correct folding of newly synthe
sized proteins. PDI has recently been detected at the surface of mammaliam 
cells. It has been implicated in the reduction of disulphide bonds occurring 
during endocytosis of exogenous macromolecules (FEENER et al. 1990) or 
necessary for the action of diphtheria toxin (MANDEL et al. 1993) or the 
infection of human lymphoid cells by membrane-bound human immunodefi
ciency virus (RYSER et al. 1994). 

Shedding of extracellular domains has been described for a variety of 
membrane proteins. PDI involvement in the shedding of other endogenous 
membrane proteins is currently unknown. 

The role of receptor cleavage reaction and of the shed extracellular do
main of the TSH receptor is not yet known. It might correspond to a mecha
nism of down regulation of hormone action. 

It is remarkable to observe that the TSHR is unique among G-protein
coupled receptors in general, and among the glycoprotein hormone receptor 
family in particular, in that it undergoes such a post-translational cleavage and 
ectomain shedding. The implication of this processing in autoimmune disease 
is an attractive hypothesis but remains to be demonstrated. 

H. Cellular Expression of the TSH Receptor 
I. Polarised Expression in the Thyroid 

The use of monoclonal antibodies raised against the human TSHR, and more 
generally against the porcine and human LH/CG and human FSH receptors, 
has allowed the study of the cellular expression of these receptors. Immunocy
tochemistry has shown that the TSHR is expressed only at the basolateral 
surface of thyroid follicular cells (LOOSFELT et al. 1992). The same polarised 
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distribution is observed for the FSH receptor in Sertoli cells (V ANNIER et al. 
1996). On the contrary, the LHlCG receptor is spread over the whole surface 
of thecal, granulosa and luteal cells in the ovary, and of Leydig cells in the 
testes (MEDURI et al. 1992 and unpublished results). 

Such differences in cellular distribution might be due either to differences 
in the structure of the receptor or simply to the fact that thyroid and Sertoli 
cells are polarised whereas LH/CG receptor expressing cells are not. The use 
of a polarised cellular system has allowed to answer this question. (see I I) 

II. Expression in Other Cell Types 

The expression of TSHR mRNAs has been detected in peripheral lympho
cytes by PCR (FRANCIS et al. 1991). The TSHR cDNA has been cloned from 
rat adipose tissue (ENDO et al. 1995). TSHR mRNAs have also been detected 
in retro-orbital tissues but this is still controversial (review in PASCHKE et al. 
1995). It has been suggested that the extrathyroidallocalisations of the TSHR 
might play a role in the pathogenesis of extrathyroidal manifestations of 
Graves' disease. However, while PCR may detect rare transcripts of mRNAs 
the expression of the receptor protein in these tissues has not been 
demonstrated. 

TSH stimulates mitogen-activated protein kinase (MAP kinase) in rat 
astrocytes (TOURNIER et al. 1995). Further experiments are needed to know 
whether a functional TSHR is found in the central nervous system. 

I. Intracellular Trafficking of the Receptor 
Little is known about the cellular trafficking of G-protein-coupled receptors in 
general and of this subgroup of receptors in particular. Ultrastructural immu
nocytochemistry has revealed LH/CGR-driven hormone transcytosis through 
endothelial cells of testicular vessels (GHINEA et al. 1994). Thus, the same 
receptor found in Leydig cells of the testes is also found in the testicular 
microvasculature and is involved in the transport and concentration of the 
hormone in the subendothelial space, in close contact with target cells. Pre
liminary experiments have shown the existence of the TSHR in the microvas
culature of the thyroid (Ghinea and Milgrom, unpublished results). Thus, a 
similar mechanism may possibly be involved in the transendothelial transport 
of TSH toward thyroid cells. 

I. Polarized Expression in MDCK Cells 

Madin-Darby canine kidney (MDCK) cell lines expressing the TSH, FSH and 
LH receptors were established to study the polarized expression of TSH and 
gonadotropin receptors (Beau et al. 1997; see Sect. H.I). MDCK cells are the 
best known system for studying the polarization of proteins. 

The physiological basolateral localization of TSH and FSH receptors, 
observed in thyrocytes and Sertoli cells, respectively, was reproduced in the 
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heterologous MDCK cells (Fig. 4). This suggested that the corresponding 
targetting signals are included in the proteins themselves and are functional in 
heterologous polarized cells. Furthermore, the LH receptor, which is not 
physiologically polarized, has basolateral polarized expression in MDCK cells 
(MEDURI et a1. 1992,1996). This suggested that the LH receptor also possesses 
a basolateral targetting signal, as the other members of this receptor subgroup. 
In vitro mutagenesis will allow identification of the signal involved in all three 
receptors. 

A basolateral localization has previously been observed for two other 
G-protein-coupled receptors: the a 2A-adrenergic receptor in MDCK cells 
(KEEFER and LIMBIRD 1993) and the parathormone receptor in epithelial kid
ney cells (SHLATZ et a1. 1975; MOHR and HESCH 1980; ZHOU et a1. 1990). 
Conversely, the adenosine AI receptor is localized essentially on the apical 
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Fig. 4A-C. Confocal microscopic examination of the distribution of TSH and gonadot
ropin receptors in polarized MDCK cells (BEAU et al. 1997). Polarized monolayers of 
cells transfected with the TSH, LH or FSH receptor cDNA were grown to confluence 
on coverslips and treated with EGTA to open the tight junction. They were then 
processed for indirect immunofluorescence microscopy. Primary antibodies corre
sponded to control monoclonal antibodies BCll (A) and BB18 (C), recognizing, 
respectively, a basolateral and an apical endogenous antigen of MDCK cells. Mono
clonal antibodies directed against the TSH, FSH or LH receptors were also used to 
study the corresponding cell line. xy horizontal focal sections (parallel through MDCK 
cells) were performed from the apical (a) to the basal level (d) of the cells. The same 
polarized expression was observed for the three receptors. This experiment shows the 
example of the LH receptor. Below, an xy section (e) of a selected area of cells and the 
corresponding zy sections (f) taken in O.I-.um steps through the cells at 90° to the xy 
sections. The apical region of the cells is oriented topmost. Bar, 1O.um 
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surface of MDCK cells (SAUNDERS et al. 1996). The basolateral targetting of 
proteins in epithelial cells may occur via any of various mechanisms. Indeed, 
different mechanisms may even be used for closely related proteins: the CXzA
and a2cadrenergic receptors are delivered directly to the basolateral surface 
of MDCK cells, whereas the a 2B-adrenergic receptor is inserted randomly into 
both cell surface domains but is retained preferentially on the basolateral 
surface (its half-life being shorter on the apical surface; WOZNIAK and LIMBIRD 
1996). In the case of FSH receptor both time course studies of receptor 
appearance on the cell surface and protease-digestion experiments show a 
direct basolateral targetting. 

A small proportion (10%-15%) of the gonadotropin FSH and LH recep
tors are localized on the apical surface of MDCK cells. In fact, these receptors 
are initially delivered to the basolateral surface and secondarily undergo 
transcytosis to the apical surface (BEAU et al. 1997). In MDCK cells previous 
studies involving a number of protiens have shown that apical localization in 
most cases results from direct targeting (SIMONS and WANDINGER-NESS 1990). 
This is not the case for gonadotropin receptors. 

Brefeldin A inhibits the basolaterallocalization of low-density lipoprotein 
receptor (MATTER et al. 1993) and of the polymeric immunoglobulin receptor 
(ApODACA et al. 1993) but has no effect on the polarization of various other 
proteins (Low et al. 1991, 1992) including the FSH receptor. Two hypotheses 
have been proposed to explain these differneces: either different carrier 
vesicles are used to reach the same compartment, or brefeldin A acts by 
selectively altering only some of them. 

Monomeric G proteins, especially those of the rab and ARF families, are 
involved in practically all of the steps of vesicular trafficking (GOUD and 
MCCAFFREY 1991; NUOFFER and BALCH 1994). The role of the heterotrimeric G 
proteins in this respect has only recently been shown (STOW and DE ALMEIDA 
1993; STOW et al. 1991). PIMPLIKAR and SIMARS (1993) established that the 
apical and basolateral targeting of surface proteins is regulared in the trans
golgi compartment by heterotrimeric G proteins. These authors proposed a 
general mechanism by which Gi inhibits basolateral transport while Gs stimu
lates apical trransport. Gs has also been implicated in the transcytosis of the 
polymeric immunoglobulin receptor (BOMSEL and MOSTOV 193). The FSH 
receptor does not follow the model proposed by PIMPLIKAR and SIMONS (1993) 
since inhibition of Gi is without effect on receptor distribution whereas stimu
lation of Gs does not increase direct receptor apical transport but markedly 
enhances receptor transcytosis. This may be due to a rerouting of internalized 
receptor from the degradative lysozymal pathway toward the transcytotic 
pathway. 

The compartmentalization and surface targeting of the LH receptor 
closely resembles those of the FSH receptor in MDCK cells. For both recep
tors a minimal transcytosis of receptor and hormone is observed, which is 
increased by the activation of Gs. This phenomenon, which is very limited in 
MDCK cells, may be more important in other cell types. Receptor-mediated 
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transcytosis of hormone has been described in endothelial cells of testicular 
vessels (GHINEA et al. 1994). 

The TSH receptor also displays a basolaterallocalization in MDCK cells, 
but no transcytosis is observed, and there is no apparent effect of Gs activa
tion. These differences between gonatropin and TSH receptors may be related 
to a possible interaction of the TSH receptor with a cellular or an extracellular 
component of MDCK cells. Interaction of Na+/K+ ATPase with the cyto
skeleton has been shown to stabilize the protein at the basolateral surface 
(HAMMERTON et al. 1991). The possibility remains, however, that in other cell 
types (endothelial cells) transcytosis may occur. 

II. Receptor Downregulation 

Following exposure of target cells to the agonist, a diminished response upon 
reexposure is observed: this process is called desensitisation and is a stepwise 
phenomenon. The fastest mechanism seems to be the diminution or 
downregulation of hormone-binding sites secondary to internalisation of 
hormone-receptor complexes. This mechanism may itself be secondary to 
post-translational modifications of the receptor, such as phosphorylation, as 
described for f3-adrenergic receptor (review in STROSBERG 1991). Other mecha
nisms may involve functional uncoupling of the receptor from the G protein as 
also proposed for the adrenergic receptors, together with the decrease in 
cellular responses. A second phase of agonist-induced downregulation is de
pendent on the reduction of receptor mRNA levels (see Sect. K). 

Desensitisation has also been described in thyroid cells (RAPOPORT and 
ADAMS 1976). However, as permanent stimulation of TSHR is observed in 
Graves' disease patients, this mechanism seems to be less important in vivo in 
the case of the TSHR as compared to the LH/CGR. The existence of a 
desensitisation mechanism in transfected cells expressing the human TSHR 
is under debate.The group of Rapoport did not observe TSH-induced 
desensitisation using CHO cells which express the full-length TSHR. They 
concluded that desensitisation was dependent on a thyroid cell-specific factor 
(CHAZENBALK et al. 1990a). However, this conclusion is not supported by other 
studies which describe densitisation of the TSHR in stably transfected CHO 
cells (TEZELMAN et al. 1994; HARAGUCHI et al. 1993) or in other transfected 
cells (HELDIN et al. 1994; NAGAYAMA et al. 1994). 

Phosphorylation on serines or threonines of the intracellular domain is 
involved in the downregulation of G-protein-coupled receptors. Interna
lisation sequences of several membrane receptors have been shown to include 
a tyrosine residue located next to the transmembrane domain. However, 
deletion mutants have demonstrated that the carboxy-terminal part of the 
cytoplasmic tail of the TSHR, up to residues 726 (HARAGUCHI et al. 1994) or 
even 708 (SHI et al. 1993), which includes serines and threonine residues, is not 
involved in these processes. Serine 694 and tyrosine 706 located next to the 
membrane also do not participate in receptor downregulation (SHI et al. 1993). 
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Deletion of 56 amino acids from the C terminus of the cytoplasmic tail 
enhances TSHR internalisation as compared to the wild-type receptor (SRI et 
al. 1995). Enhancement of internalisation resulting from deletions of the 
cytoplasmic tail is also observed for the rat LH/CG and avian fi-adrenergic 
receptors (HERTEL et al. 1990; RODRIGUEZ et al. 1992). This suggests that the 
cytoplasmic tail may exert a negative control on receptor internalisation 
either by the existence of inhibitory sequences within this tailor by the 
occlusion of an internalisation sequence within a secondary structure in basal 
conditions. 

A sequence resembling the NPXY sequences corresponding to inter
nalisation sequences found in insulin, insulin-like growth factor-I and 
low-density lipoprotein receptors is found within the seventh transmembrane 
helix of TSHR. Mutation of Tyr 678, which is included in this NPXXY se
quence, completely abolishes the adenylate cyclase transduction pathway 
without impairing high-affinity hormone binding and significantly reduces 
TSHR internalisation in CHO cells (SRI et al. 1995). The NPXXY sequence of 
TM7 is highly conserved in G-protein-coupled receptors. Mutation of the 
tyrosine residue within this motif in the A-adrenergic receptor completely 
abolishes agonist-mediated receptor sequestration without affecting the 
ability of the receptor to undergo rapid desensitisation and downregulation 
in response to the agonist (BARAK et al. 1994). Further experiments will 
determine whether other internalisation sequences are also used in the 
TSHR. 

J. Structure-Function Relationships 
I. Transduction Pathways of the TSH Receptor 

Although many effects of TSH on thyroid cell growth and function can be 
mimicked by cAMP agonists, the existence of other transduction pathways has 
been raised by different groups. TSH stimulates two different transduction 
pathways in human thyroid, mainly the adenylate cyclase pathway but also the 
phospholipase C pathway (reviewed in V ASSART and DUMONT 1992). Higher 
concentrations ofTSH are needed (l-lOmU/ml) to stimulate the latter. It has 
been shown that the same recombinant TSHR is coupled to both cascades 
(VAN SANDE et al. 1990). Two different G proteins are involved: Gs and Gq/11. 
Both are activated by TSH in human thyroid membranes (ALLGEIER et al. 
1994). It has been suggested that the difference in the doses of TSH necessary 
to activate the two classes of G protein might be due to differences in the 
efficiency of coupling of the G proteins with their respective effectors. 

In FRTL5 cells TSH stimulates phospholipase Az activity and it has been 
shown that TSH-induced hydrogen peroxide production is mediated by the 
cascade of Caz+-dependent phospholipase Azfarachidonate cascade (KIMURA 
et al. 1995). TSH can also activate phospholipase D in these cells as a 
consequence of prior protein kinase C activation (GUPTA et al. 1995). 
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Very recently it has also been shown that activation of theTSHR by TSH 
led to increased incorporation of a GTP analogue into immunoprecipitated a
subunits of all G proteins detected in thyroid cells (Gs, Gi, Go, Gq, Gll, G12, 
G13; LAUGWITZ et al. 1996). To prove the specificity of the observed effect, a 
blocking antiserum from a patient with autoimmune hypothyroidism was used 
which suppressed the effect of TSH. The TSHR would then appear as a 
general G-protein-activating receptor. 

Some effects of TSH on thyroid cell growth might not be mediated by 
cAMP. It has been shown in WRT cells that the full mitogenic response to 
TSH requires the adenylate cyclase and a Ras-dependent pathway. Microin
jection of a dominant interfering Ras protein reduces TSH-stimulated DNA 
synthesis in these cells. This Ras-dependent pathway is, however, unusual in 
that it is RaJl and MEK independent as shown by microinjection of Raft 
antibodies and dominant interfering MEK proteins (AL-ALAWI et al. 1995). 
The effector of Ras in TSH mediating signalling in these cells is unknown at 
the present. The cooperation of PKA and Ras-dependent pathways in thyroid 
growth is also supported by the fact that activating mutations in both Gs and 
Ras are frequently found in thyroid tumours. 

In human thyroid membranes it has been shown that TSH stimulates the 
mitogen activated (MAP) kinase cascade through a cAMP-independent path
way. This effect was suppressed by immunoprecipitation of hormone by a 
monoclonal anti-TSH antibody, which suggests that it is not an artefact due to 
factors contaminating the hormone used (SAUNIER et al. 1995). 

II. Mutagenesis of Transmembrane and Intracellular Domains 
of the TSH Receptor 

Mutagenesis of the transmembrane and intracellular domains of the TSHR 
has provided insight into some important regions in signal transduction. 

The group of Rapoport has shown that the first cytoplasmic loop, the 
carboxy-terminal region of the second cytoplasmic loop and the carboxy
terminal region of the third cytoplasmic loop, are important in the ability of 
the TSHR to mediate an increase in cAMP production in stably transfected 
CHO cell lines (CHAZENBALK et al. 1990b). The second cytoplasmic loop has 
been shown by another group also to be important for agonist-induced 
phosphoinositide signalling (KoSUGI et al. 1994a). Even if a single loop is 
involved in the interaction with two different G proteins, the regions within 
this second loop critical for each signalling pathway could be discriminated. 

Controversy exists for the first and third cytoplasmic loops. Using tran
sient transfection in Cos-7 cells of receptor mutants, KOSUGI and MORI (1994a) 
reported that the first cytoplasmic loop is important for phosphoinositide 
signalling but not for agonist-induced adenylate cyclase activation. KOSUGI et 
al. (1993a) reproduced a mutation in the carboxy terminus of the third cyto
plasmic loop identical to the one performed by CHAZENBALK et al. (1990b) 
with opposite results. Transfection of the mutant TSHR in Cos 7 cells revealed 
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that it retained the TSH-induced cAMP response but displayed no TSH
induced inositol phosphate response. They concluded that the third loop is less 
important for agonist-induced Gs-interactions. 

Concerning the contradictions described in the literature with receptor 
mutants, some specific points need to be stressed: The exact limits of a region 
which is mutated need to be considered. Indeed, multiple amino acid residues 
may function as a group and individual mutations may not reproduce the 
mutation of a whole region (CHAZENBALK et al. 1991). Moreover, the type of 
substitution performed may alter the secondary structure of a whole region of 
the TSHR or even of the whole receptor. Therefore, the alteration of TSHR 
function may be due to a repercussion of the mutation at a distance. This is 
exemplified by alterations of TSH binding in some receptors with intracellular 
mutations. Furthermore, TSHRs of different species may differ in their func
tional topology. 

These observations might explain why mutation of alanine 623 in the 
third cytoplasmic loop to lysine or glutamic acid impairs TSH-mediated 
phosphoinositide formation but not cAMP production (KoSUGI et al. 1992a), 
while the same residue mutated to other amino acids yields a constitutive 
receptor spontaneously coupled to Gs (PARMA et al. 1993 and see below). 
Other engineered mutations of neighbouring amino acids (residues 617-620) 
also yielded constitutive receptors which produced elevated basal cAMP lev
els as well as small increases in basal inositol phosphatate production (KoSUGI 
et al. 1993a). 

The role of the cytoplasmic tail in signal transduction was also examined. 
Deletion of the entire cytoplasmic tail of the TSHR markedly reduced TSH 
binding, which did not allow for the investigation of the role of this region in 
signal transduction. Removal of the two thirds of the carboxy-terminal end of 
the cytoplasmic tail of the TSHR, a region not conserved with gonadotrophin 
receptors, did not impair TSHR function (CHAZENBALK et al. 1990b). Substi
tution of the amino-terminal part of the cytoplasmic tail (residues 684-692) 
with a j - or t3z-adrenergic receptor sequences impaired agonist-induced 
phosphoinositide signalling but not adenylate cyclase activation (KoSUGI and 
MORI 1994b). Also receptor mutants truncated between residues 700 and 722 
showed a decreased or suppressed inositol phosphate response to TSH with
out alteration of the cAMP response. Thus the amino-terminal half of the 
cytoplasmic tail, up to residue 721, seems to be essential for full TSHR func
tion (KoSUGI and MORI 1994c). 

The extracellular loops also have a critical conformational role for the 
whole TSHR transmembrane domain and thus for TSHR function. Mutations 
of two cysteines (494 and 569) located respectively in the first and second 
extracellular loops of the TSHR impair TSH function. These cysteines are 
potentially involved in a disulphide bond by analogy with other G-protein
coupled receptors. A single mutation impaired the hormone-binding ability of 
the receptor, while a double mutant retained the ligand-binding capacity but 
lost most of the cAMP response (GUSTAVSSON et al. 1994). Receptor mutants 
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in which the length or sequence of the first and second extracellular loops has 
been changed display no TSH-binding ability. Substitution of the third extra
cellular loop alters the TSH-stimulated cAMP response (KoSUGI and MORI 
1994d). 

III. Mutagenesis of the Extracellular Domain of the TSH Receptor 

Alteration in hormone binding of receptor mutants may result from different 
causes: The mutation may have disrupted a specific high-affinity TSH-binding 
site within the extracellular domain of the receptor, but it may also have 
altered receptor stability, intracellular trafficking or membrane insertion. No 
definitive conclusions can be drawn from mutagenesis experiments if the 
expression of the receptor at the cell surface is not demonstrated (for example, 
by immunocytochemical experiments). The lack of immunological tools has 
often prevented such experiments being done. Again, this might explain some 
discrepancies in the conclusions derived from different studies. 

The regions involved in TSH binding have been studied through different 
approaches. As the conformation of the extracellular domain is an important 
element in the hormone-binding ability of the receptor, one interesting ap
proach was the use of chimeric TSH-LH/CG receptors. Replacement of the 
entire extracellular domain of the TSHR with the corresponding region of the 
LH/CGR resulted in high-affinity hCG binding and complete loss of TSH 
binding. The symmetrical substitution yielded a chimeric receptor able to bind 
TSH with high affinity and to stimulate adenylate cyclase (NAGAYAMA et al. 
1991a). Thus, there is no doubt that the extracellular domain of receptors of 
this class are involved in high-affinity hormone binding. However, hormonal 
activation of an N terminally truncated LHR lacking most of the extracellular 
domain had been obtained (JI and JI 1991). This led to the hypothesis that 
hCG could also interact directly with the transmembrane segments, albeit with 
low affinity. The construction of similar TSHR mutants did not show any TSH
induced increase in cAMP in transfected cells (PASCHKE et al. 1994a). These 
results suggested that activation of the TSHR does not implicate direct in
teraction of TSH with the transmembrane domain, or that the latter has 
to undergo previous conformational changes triggered by TSH binding to its 
extracellular domain. 

The use of a series of TSHR-LH/CGR chimeras led to the conclusion that 
the TSH-binding regions are likely to span the entire extracellular domain 
with multiple discontinuous contact sites (NAGAYAMA et al. 1991a). This con
clusion is also supported by the modelling of the TSHR ectodomain (KAJAVA 
et al. 1995). The middle region (residues 171-260) is, however, especially 
important for TSH binding (NAGAYAMA et al. 1990). Construction of other 
chimeric receptors indicates that Lys 201 to Lys 211 and Gly 222 to Leu 230 are 
also involved in TSH binding (NAGAYAMA et al. 1991b). In contrast, residues 
303 to 382 of the rat TSHR can be deleted without loss of TSH function 
(KoSUGI et al. 1991a). This region is flanked by possible TSH-binding sites at 



The TSH Receptor 51 

residues 295-306 and around tyrosine 385. Mutation of the downstream cys
teine 390 markedly impairs TSH binding (KoSUGI et al. 1991b). However, in 
these experiments an alteration of cell surface expression of the TSHR has not 
been excluded. 

Both extremities of the extracellular domain of TSH and gonadotrophin 
receptors contain several cysteine residues. They might be implicated in the 
formation of disulphide bonds. Mutations of several cysteines 41 (WADSWORTH 
et al. 1992),301 (AKAMIZU et al. 1994) and 390 (KoSUGI et al. 1991b) resulted 
in a loss of TSH binding. However, this may be due to disruption of disulphide 
bonds, to alteration of receptor tertiary structure or to modification of its 
insertion in the cell membrane. 

There is controversy as to a possible role of the extracellular domain of the 
TSHR in signal transduction. The use of partial chimeric receptors suggested 
that the middle region and carboxyl half of the extracellular domain of the 
TSHR are involved in signal transduction. Indeed, their substitution with the 
corresponding regions of the LHlCGR did not abolish TSH binding but im
paired signal transduction. Within the carboxy-terminal half of the extracellu
lar domain of the human TSHR, two short regions corresponding to amino 
acids 270-278 and 287-297 were particularly important in signal transduction 
(NAGAYAMA and RAPOPORT 1992a). However, these results were not confirmed 
by another group. Using chimeric TSH-LHlCG receptors, AKAMIZU et al. 
(1993) reported that substitution of residues 268-304 of the TSHR with ho
mologous residues from the LH/CGR markedly decreased high-affinity TSH 
binding but there was minimal change in TSH-stimulated adenylate cyclase 
activity. Within this region, cysteine 301 was shown to play an important role 
in TSH binding (AKAMIZU et al. 1994). 

The role of the glycosylation of the receptor in TSHR function has also 
been studied by site-directed mutagenesis. The TSHR has six potential N
linked glycosylation sites within the extracellular domain. Substitution of as
paragine 77 and 113 suppressed or greatly impaired TSH binding and signal 
transduction. Substitution of the four other potential glycosylation sites had no 
deleterious effects on TSHR function (Russo et al. 1991b). This suggested that 
either those sites are not glycosylated or that glycosylation at these residues 
does not play a major role in TSHR trafficking and expression at the cell 
surface. 

To identify regions involved in high-affinity hormone binding, another 
approach was to use synthetic peptides (reviewed in ENDO and ONAYA 1993). 
These studies were focused on specific regions in the extracellular domain of 
the TSHR. The TSHR has two unique insertions in its extracellular domain 
that are not found in the LHlCG or FSH receptors (Fig. 1). Thus, these two 
regions were investigated initially for their hormone-binding ability. Study of 
direct binding of TSH to synthetic peptides led to the conclusion that peptides 
2-30 and 324-344 contain specific binding regions for TSH (ATASSI et al.1991). 
Preincubation of bovine TSH with peptide 35-50 resulted in a dose-dependent 
decrease in cAMP accumulation induced by TSH (ORMORI et al. 1991). The 
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use of competition experiments led to identification of residues 256-275 as 
TSH-binding sites. Within this region nine specific amino acids were especially 
important (BRYANT et al. 1994). 

This methodology, however, does not take into account the whole confor
mation of the extracellular domain of the receptor: different regions may be 
necessary to create a hormone-binding pocket. The peptides are used at con
centrations usually orders of magnitude higher than hormone or receptor 
concentrations. It should be emphasised that this approach yielded contradic
tory results in the study of the sites of interaction of Graves' disease IgG with 
the TSHR (see below). 

K. Gene Structure and Regulation 
I. Gene Organisation 

The structure of the human TSHR gene has been determined. This gene spans 
60kbp and is split into 10 exons (Fig. 5) (GROSS et al. 1991). All the introns are 
located in the 5' region of the gene corresponding to the extracellular part of 
the receptor. This domain is thus encoded by the entire nine first exons and the 
beginning of the tenth exon. The limits of exons correspond to the limits of 
leucine-rich repeats. The transmembrane and intracellular domains of the 
receptor are encoded by the last exon. This organisation is similar to that of 

El E2 E3 E4E5 TM 11 12 
A lOS 289 3854034 16 682706764 

73% 5% 

I I 
(pLH-R ) 

64% 14% (.FSH·R) 

10 

ATe 

Fig. 5. Organisation of the human TSH-R gene. A Structure of the human TSHR, 
comparison with LH and FSH receptors. The human TSHR (hTSH-R) has been 
divided into domain according to the extent of homology with the porcine LH receptor 
(pLH-R) and the rat FSH receptor (rFSH-R). The extracellular part is divided into E1-
5. TM is the transmembrane domain with its seven dashed membrane spans. The 
intracellular part of the receptor is divided into 11 and 12. In the boxes, percentages of 
homology of hTSH-R with pLH-R are written on top, percentages with rFSH-R below. 
For E5, the homology of 85% is identical for both receptors. The signal peptide is 
shown by a dashed box. Amino acid numbering is shown above the figure. B Exonl 
intron organisation of the hTSH-R gene. Exons, represented by boxes, are numbered 
from 1 to 10. Introns are represented by interrupted thin lines. Position of the translation 
initiation (ATG) codon is indicated. The limits of the exons are compared to the limits 
of the domains of hTSH-R. (From GROSS et al. 1991) 
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related genes encoding the LH/CG or the FSH receptors. The human LHI 
CGR gene displays 11 exons (ATGER et al. 1995) and the human FSHR gene 10 
exons (AITTOMAKI et al. 1995). 

The existence of a single large exon encoding a short part of the extracel
lular domain and the whole transmembrane domain of this class of receptors 
recalls the structure of adrenergic and muscarinic receptor genes which are 
also devoid of introns. Thus, an evolutionary relationship of the TSH and 
gonadotrophin receptor genes to other G-protein-coupled receptors has been 
hypothesised (GROSS et al. 1991). This class of genes would have arisen from 
the fusion of a gene encoding a leucine-rich glycoprotein and a gene for a 
proto receptor similar to the f3-adrenergic-type receptor. 

II. Chromosomal Localisation and Genetic Mapping 

The LH/CG and FSH receptors have been assigned to the same chromosomal 
location: 2p21 (ROUSSEAU-MERCK et al. 1990a, 1993). This is a supplementary 
argument for their evolutionary relationship, as they might have evolved by 
gene duplication from a common ancestor. However, the TSHR gene, which is 
closely related to the previous genes, has been localised on chromosome 14q31 
(ROUSSEAU-MERCK et al. 1990b). It is thus possible that recombination events 
caused the scattering of this receptor gene during evolution. 

Three polymorphic markers localised within introns 2 and 7 of the TSHR 
gene have been described recently. They have allowed us to map precisely the 
TSHR gene on chromosome 14q31 between D14S287 and D14S68 (DE Roux 
et al. 1996a). Furthermore, the establishment of the structure of intron/exon 
junctions has allowed for the definition of the optimal conditions for PCR 
amplification and direct genomic sequencing of the ten exons of the TSHR 
gene. All these tools will be useful in all pathological situations where muta
tions of the TSHR may be present. 

1. Structure and Function of TSHR Promoter and 5' Flanking Region 

The promoter of the human TSHR gene is very G + C rich and displays no 
typical TAT A or CAA T boxes: three initiation sites are found. The main site 
is located 157bp upstream from the site of translation (GROSS et al. 1991). The 
TSHR mRNA is essentially regulated by TSH, cyclic AMP and growth factors. 
Putative cis-acting elements regulated by cyclic AMP are found in the 5' 
flanking region of the human TSHR gene: a cyclic AMP-responsive element 
(CRE) is present at position -132, and several AP2 consensus sequences are 
also found (GROSS et al. 1991). 

The 5' flanking regions of the rat thyrotrophin receptor gene have also 
been characterised. Deletion analyses demonstrated a minimal region exhibit
ing promoter activity, tissue specificity and negative regulation by TSH be
tween -195 and -39bp (IKUMAYA et al. 1992). This region is highly conserved 
in rat and human TSHR genes. It comprises a cAMP-responsive element 
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(CRE) which has been shown to be functional. However, this element is not 
thyroid specific. By analogy with the promoters of two other main thyroid 
differentiation markers, thyroperoxidase and thyroglobulin, it has been 
suggested that thyroid transcription factor 1 (TTF-1), a thyroid-specific 
homeodomain-containing transcription factor, binds to the TSHR gene pro
moter. Indeed, a TTF-1-binding site is found at position -189 to -175 and is 
involved in thyroid-specific gene transcription (OVITAREALE et al. 1993; 
SHIMURA et al. 1994a). The activity of the TTF-1-binding element requires a 
functioning CRE and a cooperative effect between the two factors has been 
described (SAIARDI et al. 1995). 

The functioning of the TTF-1-binding element in the TSHR gene differs 
from that of the one found in thyroglobulin and thyroperoxidase genes. In 
these latter genes TTF-1 interacts with Pax 8, a paired domain containing 
protein, whose binding site overlaps the recognition site of TTF-1 (review in 
DAMANTE and DI LAuRo 1994). In the TSHR gene no such interactions have 
been shown. In addition, the TTF-1 site in the minimal promoter of the TSHR 
gene is associated with both upregulation and downregulation of the TSHR 
gene by cAMP. However, the mechanisms involved are different in each case. 
Positive regulation has been linked to TSH-induced phosphorylation of TTF-
1 via the cAMP pathway; downregulation of TSHR gene expression is associ
ated with a TSH-induced decrease in TTF-1 RNA levels by the cAMP 
pathway. 

Other transcription factors are also involved in the regulation of the 
TSHR gene. A single-strand DNA-binding protein which has an adjacent 
binding site to TTF-1 acts with the latter in an additive way on constitutive 
TSHR expression, and also on the negative regulation of TSHR by cAMP 
(SHIMURA et al. 1995). An upstream TTF-1-binding site (position -881 to -
866 bp) has also been detected in the thyrotrophin promoter which functions 
as a thyroid-specific enhancer but requires the presence of the downstream 
TTF-1 site (OHMORI et al. 1995). 

Insulin and insulin-like growth factor-1 (IGF-1) are required for 
thryrotrophin (TSH) regulation of thyroid cell growth and function. An 
insulin-responsive element has been identified in the rat thyrotrophin receptor 
promoter immediately upstream of the proximal TTF-1-binding site. Both 
sites seem to cooperate at least partially in the response to insulin (SHIMURA et 
al. 1994b). Thus, it seems that the thyroid-specific activity of the TSHR 
promoter relies on the coordinated action of many transcription factors. 

Prolonged incubation of cells with TSH reduces the cAMP response to a 
subsequent hormonal stimulation. This long-term homologous desensitisation 
of the TSHR involves downregulation at the transcriptional level. Recently, 
it has been shown that TSH induces a transcriptional repressor in the rat 
thyroid gland and in the FRTL5 cell line. This repressor has been identified 
as the inducible cAMP early repressor isoform (ICER) of the CRE 
modulator gene (CREM). ICER binds to a CRE-like sequence in the TSHR 
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promoter and represses its expression (LALLI and SASSONE-CORSI 1995). Thus, 
CREM as well as TTF-1 is involved in the negative regulation of the TSHR 
promoter. 

L. The TSH Receptor and Pathology 
I. Autoimmunity 

1. The TSHR and the Genetics of Graves' Disease 

Several pieces of evidence implicate genetic factors in the aetiology of Graves' 
disease. Ten percent of cases of Graves' disease are clustered in affected 
families (BARTELS 1941). There is a higher concordance of Graves' disease 
between homozygous twins (50% probability of the other twin developing the 
disease) than for heterozygotic twins (only 7% probability) (VOLPE et al. 
1972). These observations have led to speculation that Graves' disease is a 
polygenic disease with concomitant involvement of environmental factors in 
its pathogenesis. 

Various genes have been examined for their implication in the genetic 
pathology of Graves' disease, particularly genes of the immune system (re
viewed in WEETMAN and MCGREGOR 1994). A genetic linkage has been estab
lished recently between the HLA-DR3 loci and Graves' disease. This study 
concluded that whereas HLA-DR3 may increase susceptibility to autoimmune 
thyroid disease, the major genetic influence is probably at a different locus 
(SHIELDS et al. 1994). 

Concerning one of the major thyroid autoantigens, the TSHR, two possi
bilities have been raised by different authors: an anomaly of the structure of 
the TSHR might render the receptor more "immunogenic", or an alteration of 
its regulation might be involved in the pathogenesis of Graves' disease (for 
review see DEGROOT and QUINTANS 1989; MIZUKAMI et al. 1994). A polymor
phism was recently described at codon 52 of the TSHR, changing a proline into 
a threonine (BOHR et al. 1993; SUNTHORNTHEPVARAKUL et al. 1994); preliminary 
studies have shown this polymorphism is associated with severe cases of 
Graves' disease, and it was suggested that this mutant form may have unique 
immunogenic properties (BAHN et al. 1994). This variant was also claimed to 
display enhanced coupling to adenylate cyclase (Loos et al. 1995). However, 
no association was found between this polymorphism and Graves' disease in 
another study (WATSON et al. 1995), while a further investigation concluded 
that the polymorphism was associated with autoimmune thyroid diseases in a 
female population (CUDDIHY et al. 1995a). The variant was shown to have a 
normal function in vivo (CUDDIHY et al. 1995b). A somatic polymorphism of 
codon 36 (Asp, His) has also been described in association with Graves' 
disease (HELDIN et al. 1991). Functional analysis of the variant revealed no 
abnormality (GUSTAVSSON et al. 1995). 
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To study the role of the TSHR in the genetic pathogenesis of Graves' 
disease, a linkage study was performed in 14 large mUltiplex and strongly 
informative families (SHIELDS et al. 1994). Several microsatellites, particularly 
informative with regard to the introns of the gene, were used for the study. A 
variety of disease models and statistical methods were used which all gave 
the same result. No linkage could be observed between the TSHR gene and 
the occurrence of Graves' disease. Furthermore there was no linkage 
disequilibrium between a marker allele of the TSHR and the disease (DE Roux 
et al. 1996b). These results are incompatible with the existence of a specific 
more "immunogenic" structural variant of the TSHR, and they thus contradict 
the previous report (CUDDIHY et al. 1995a) proposing the existence of an 
association between Graves' disease and a polymorphism of codon 52 of the 
receptor in a region considered especially immunogenic (KoSUGI et al. 1993b). 
They also contradict the suggestion of an abnormal regulation of the TSHR 
gene expression in Graves' disease which has been raised by several authors 
(DEGROOT and QUINTANS 1989; GOODNOW et al. 1990; MIZUKAMI et al. 1994). 
However, a minor role of the TSHR locus in the genetic susceptibility to 
Graves' disease cannot be excluded, although such a role might only be de
tected by an association study involving a large cohort of subjects using the 
allele-sharing methodology (LANDER and SCHORK 1994). A possible role of the 
TSHR gene in the pathogenesis of Graves' disease in other ethnic groups also 
cannot be entirely eliminated. 

2. Epitopes of the TSH Receptor Recognised by the Auto-antibodies 

The direct study of autoantibodies found in patients is hampered by the 
heterogeneity of these antibodies, their possible low concentration in serum 
and the difficulty in finding an efficient expression system to obtain large 
amounts of native TSHR. Expression of the receptor in E. coli yielded large 
amounts of receptor but in a non-native state. The expression of the complete 
TSHR or of its extracellular domain in the baculovirus system yielded a 
protein which is processed into a non-functional species (see Sect. F). Thus 
many different groups have performed studies on the possible interaction 
between TSHR and the autoantibodies with either a denatured or improperly 
processed receptor or synthetic peptides. Varied and even contradictory re
sults have been published (review in MORI et al. 1994; NAGAYAMA 1995). These 
approaches might have produced negative results if conformational epitopes 
are recognised by autoantibodies, as suggested by several groups (LIBERT et al. 
1991; GRAVES et al. 1995), or if folding or glycosylation were also important 
parameters for antibody recognition. 

Mutagenesis experiments have also been used to localise the epitopes 
recognised by the autoantibodies. While most studies conclude that the extra
cellular domain of the TSHR contains epitopes for TSHR autoantibodies, the 
involvement of the extracellular loops of the transmembrane domain has not 
been excluded. It appears that binding sites for stimulating (TSAbs) or block-
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ing antibodies (TSBAbs) and for TSH are dispersed within the extracellular 
domain of the TSHR and are different while sometimes overlapping (T AHARA 
et al. 1991; NAGAYAMA and RAPOPORT 1992b; KOSUGI et al. 1992b, 1993b, c). 

The use of chimeric LHlCG-TSHRs led to the conclusion that regions 1-
260 (NAGAYAMA et al. 1991c) or 8-89 (TAHARA et al. 1991) were important for 
functional response to TSAb. Mutagenesis experiments showed that the bind
ing sites for the autoantibodies were located in specific regions of the TSHR 
which are not homologous with gonadotrophin receptors. Thyroid-stimulating 
autoantibodies recognised N-terminal epitopes at residues 34-37, 40, 42-45 
and 52-56 while thyroid-stimulating blocking autoantibodies recognised 
epitopes located mainly in the middle portion of the ectodomain of the TSHR 
at residues 295-306, 387-395 and tyrosine 385 (KoSUGI et al. 1992b, 1993b,c). 

The mechanism of action of the autoantibodies found in Graves' disease is 
still unknown. They might produce a conformational change of the extracellu
lar domain of the TSHR in a way very similar to the action of TSH. The latter 
structural change may then be transmitted to the transmembrane domain by 
unknown mechanism( s). The existence of constitutive mutations of TSHR has 
led to the hypothesis that the receptor might exist in two different forms, 
active and inactive, in constant equilibrium (see below). The activating au
toantibodies might also act in a manner reminiscent of catalytic antibodies 
(TRAMONTANO et al. 1986): they might displace the receptor steady-state 
towards the active (or reactive) conformational state by favouring its 
stabilisation. 

II. Mutations of the TSH Receptor in Pathology 

1. TSH Receptor and Tumorigenesis 

The pioneering study on lXtP-adrenergic receptors showed that activating 
mutations of G-protein-coupled receptors could lead to transformation in 
NIH3T3 cells or tumorigenesis in nude mice (review in DHANASEKARAN et al. 
1995). In the thyroid, cAMP activates a mitogenic cascade. Thus, a similar 
situation might be expected for chronic stimulation of the cAMP cascade in 
the thyroid. Indeed, the Gs-coupled A2 adenosine receptor targeted into thy
roid cells in transgenic mice provokes thyroid hyperplasia (LEDENT et al. 1992). 
Somatic activating mutations of Gs proteins in patients with the McCune 
Albright syndrome may also lead to thyroid nodules and hyperthyroidism 
(WEINSTEIN et al. 1991). Mutations of Gsa (gsp mutations) have been found 
in -30% of the hyperfunctioning thyroid adenomas (SUAREZ et al. 1991; 
YOSHIMOTO et al. 1993). Furthermore, thyroid-targeted expression of constitu
tive Gsa-subunit in transgenic mice yields hyperfunctioning thyroid adenomas 
(MICHIELS et al. 1994). All these examples supported the possibility of finding 
TSHR mutations activating the cAMP cascade in thyroid tumours (VAN SANDE 
et al. 1995). Indeed, somatic mutations of the TSHR have been found 
in autonomously hyperfunctioning adenomas (PARMA et al. 1993, 1995; 
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Fig.6. Constitutive mutations of the TSHR. Open circle, mutation found only in 
TSHR; star, mutation found in TSHR and LHlCGR. Asterisk indicates a residue which 
is specific for the TSHR. Numbering corresponds to the sequence of hTSHR (ASp619/ 
gly, Ala623/11e, PARMA et al. 1993; Ala6231Val, PASCHKE et al. 1994b; Ala623/Ser, Russo et 
al. 1995; A sp633/Glu, PORCELLINI et al. 1994; Phe631/Cys, PORCELLINI et al. 1994, KOSUGI 
et al. 1994b; Phe631/Leu, Kopp et al. 1995; Vaeo9/Ala, Cys672/Tyr, DUPREZ et al. 1994; 
Thr632/Ile, PASCHKE et al. 1994, KOSUGI et al. 1994b, PORCELLINI et al. 1995; Ile486/Phe or 
Met, Ile568/Thr, PARMA et al. 1995; A sp633/Tyr or Glu, KOSUGI et al. 1994; Ser505/Arg, Asn 
670/Ser, TONACCHERA et al. 1996; Asn650lTyr, TONACCHERA et al. 1996 and our unpub
lished results; Mee53/Thr, DE Roux et al. 1996c) 

PORCELLINI et al. 1994, 1995; PASCHKE et al. 1994b; KOSUGI et al. 1994b; Russo 
et al. 1995a) (Fig. 6). In one study 7 out of 11 (73%) of such tumours exhibited 
heterozygous constitutive activations of the TSHR confined to the tumour 
(PORCELLINI et al. 1994). All these mutations were shown to yield a spontane
ously activated receptor able to stimulate the adenyl ate cyclase pathway in the 
absence of hormone. 

A constitutive somatic mutation of the TSHR identical to a mutation 
previously detected in autonomously hyperfunctioning adenomas has also 
been detected in thyroid cancers (Russo et al. 1995b). However, it is not 
known at which step of the development of the cancer this mutation occurred. 
Thus the question is raised as to whether one of the molecular events leading 
to neoplasia might correspond to activating neomutations of the TSHR. 

2. TSHR and Non-immnne Hyperthyroidism 

Germline constitutive mutations of the TSHR have been detected in familial 
non-immune hyperthyroidism (DUPREZ et al. 1994; TONACCHERA et al. 1996). 
Neomutations of the TSHR have also been detected in two cases of neonatal 
hyperthyroidism (Kopp et al. 1995; DE Roux et al. 1996c) (Fig. 6). The pheno
type of the disease is very similar and is independent of the localisation of the 
mutation; it consists in an isolated severe hyperthyroidism resistant to treat
ment with (initially) no or moderate thyroid enlargement and no ocular signs, 
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the latter being considered to be pathognomonic of autoimmune disease. 
However, in one case of neonatal non-immune hyperthyroidism due to a 
neomutation of the TSHR the infant presented ocular signs. Proptosis was 
confirmed on CT scanning. The mutation which was detected had an unusual 
location in the second transmembrane segment of the receptor (Fig. 6). The 
pathogenesis of bilateral exophthalmos in thyroid disease is still debated. 
This observation may explain previous observations of "Graves' disease" 
with exophthalmos but without evidence of an immune mechanism 
(HOLLINGSWORTH and MABRY 1976). In these cases an autosomal dominant 
pattern of inheritance was observed, compatible with hypothetical TSHR 
mutations. 

The highly variable age of onset of the disease (from 18 months to adult
hood) in members of a family harbouring the same mutation is not understood 
(DUPREZ et al. 1994). However, the evolution of the disease is always severe, 
with the hyperthyroidism being resistant to medical treatment, and surgery is 
needed to achieve euthyroidism. 

III. Constitutive Mutations and Model of Receptor Activation 

Constitutive mutations of G-protein-coupled receptors implicated in human 
diseases were first described for rhodopsin. Engineered constitutive mutations 
of adrenergic receptors were subsequently established. A constitutive variant 
of the MSH receptor has also been described in mice (review in COUGHLIN 
1994). 

Mutations in the TSH and gonadotrophin receptors were sought and 
subsequently detected initially within or close to regions which had been 
implicated in direct interaction with G proteins such as the third intracellular 
loop. Other mutations were later detected within transmembrane segments 
and thus in regions which could not a priori establish direct contact with G 
proteins. This led to the hypothesis of the existence of a modification of the 
whole tridimensional structure of the transmembrane domain in the mutated 
receptor. 

Previous studies on engineered mutants of adrenergic receptors suggested 
a model of receptor activation. These receptors would exist in an equilibrium 
between an inactive (R) and an active (R *) conformation. Hormone-binding 
drives the inactive constrained receptor into the activated "relaxed" form in 
which a portion of the molecule becomes available for G-protein activation 
(SAMAMA et al. 1993). This agonist-mediated allosteric modification of the 
receptor is mimicked by the unliganded mutated constitutive receptors. This 
configuration would allow a spontaneous functional coupling of the receptor 
with the G protein. 

Until now constitutive mutations of the TSHR have been detected in the 
third intracellular loop, in the second, third, sixth and seventh transmembrane 
segments of the TSHR and in the first and second extracellular loops (Fig. 6). 
The same residues (Phe 631 and Ala 623) were found mutated in non-immune 
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hyperthyroidism (germline mutations) and in hyperfunctioning adenomas (so
matic mutations; Fig. 6). This suggests that a similar mechanism is involved in 
these two different pathologies. 

Most of the mutations described in the TSHR activate only the adenylate 
cyclase pathway. However, mutations in the first and second extracellular 
loops, found in hyperfunctioning adenomas, activate both pathways (PARMA et 
al. 1995). This suggests that the active configuration adopted by the different 
mutants may differ. The ability of the constitutive mutants to be stimulated by 
TSH varies greatly. The identification of novel mutations yielding to constitu
tive activation of the TSHR and other gonadotrophin receptors will allow a 
better understanding of the mechanism of receptor activation. Each mutated 
residue might have a crucial role in maintaining the receptor in a locked 
inactive state. 

The mutated amino acids found in constitutive receptors have to be distin
guished in that some of them are highly conserved in all G-protein-coupled 
receptors. The mutated residue Ala 623 in TSHR corresponds to Ala 293 of 
the lXt.B-adrenergic receptor (reviewed in COUGHLIN 1994). This confirms the 
hypothesis that basic mechanisms implicated in the activation of G-protein
coupled receptors are highly conserved. Other mutated residues (the majority 
of them) are, on the contrary, strictly conserved in the restricted subgroup of 
glycoprotein hormone receptors (TSHR, LHR and FSHR) and may playa 
similar role in this subgroup of receptors (Fig. 6). This suggests that the mecha
nisms of TSH -Rand LH/CG-R activation share important similarities. Finally, 
mutated residues may also be specific for a single receptor. Only two such 
cases have been described. Asn 650, specific for the TSHR, was mutated in a 
family of non-immune hyperthyroidism (TONACCHERA et al. 1996 and our 
unpublished results) (Fig. 6) while Ile 542 (which is replaced by a valine in the 
homologous position of the TSHR) was found mutated in a male patient with 
precocious puberty (LAUE et al. 1995). This suggests that some specificity 
in receptor activation may also exist within members of this subgroup of 
receptors. 

Some antagonists named "inverse agonists" display the property of inhib
iting the ability of the A-adrenergic receptor to adopt an active configuration 
(SAMAMA et al. 1994). Similar antagonists could be developed for other G
protein-coupled receptors and be useful and novel therapeutic agents. 

IV. Loss of Fuuction Mutations 

1. Animal Model 

In hytlhyt hypothyroid mice a change of Pro to Leu in the fourth transmem
brane segment of the TSHR has been found (STEIN et al. 1994) (Fig. 7). This 
proline is highly conserved in members of the G-protein-coupled receptor 
family and the mutation yielded a receptor expressed on the cell surface of 
transfected cells but unable to bind the hormone (Gu et al. 1995). The impor-
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Fig.7. Loss-of-function mutations of the TSHR. Open circle, mutations found in hu
man (Ile167/Asn and Pro162/Ala are from SUNTHORNTHEPVARAKUL et al.1995; Glu324/stop, 
Cys41/Ser, Cys390lTrp, Asp41O/Asn, Phe525/Leu, Trp546/stoR are from DE Roux et al. 
1996d). Triangle, mutation found in the hytlhytmouse: Pro556/Leu (STEIN et al.1994). As 
the exact localisation of the cleavage site of the TSHR is presently unknown, it has 
been positioned arbitrarily at the end (C-terminal region) of the extracellular domain 
of the TSHR 

tance of this proline in the fourth transmembrane segment of G-protein
coupled receptors was initially demonstrated by the fact that its mutation in 
rhodopsin causes retinis pigmentosa. In the muscarinic M3 receptor, mutation 
of the homologous proline greatly reduces the affinity for the ligand. Molecu
lar modelling suggests that this proline resides on the outside surface of the a
helix, facing the lipid bilayer (HULME et al. 1991), and might play an important 
conformational role. 

2. Thyroid Resistance to TSH Due to TSHR Mutations 

Loss of function mutations of the TSHR have been described in three siblings 
who were euthyroid and had normal concentrations of thyroid hormones but 
high concentrations of thryrotrophin (SUNTHORNTHEPVARAKUL et al. 1995). The 
thyroid gland was normal on radioiodide scanning. Germline mutations of 
both alleles of the gene for the thryrotrophin receptor made the patients 
compound heterozygotes. Both mutations were located in the extracellular 
domain of the receptor (Fig. 7). The parents who were heterozygous for each 
mutation had slightly increased serum TSH concentrations. 

We also detected mutations within the TSHR gene in three similar cases 
(DE Roux et al. 1996d). The patients were detected at birth by the high levels 
of blood TSH which were confirmed by plasma assays. Serum T3 and T4 
concentrations were in the normal range. The radioiodide scan showed 
eutopic thyroids of subnormal size or slightly enlarged. In one case no treat-
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ment was given to the patient, who had a completely normal clinical evolution 
during a lO-year follow-up. TSH plasma levels remained very high. The three 
patients were compound heterozygotes (Fig. 7) and had mutations in the 
extracellular and/or the intracellular domains of the TSHR. In two cases the 
mutation introduced a stop codon leading to an amputation of the whole, or of 
an important part, of the transmembrane domain of the TSHR. Mutations of 
the TSHR may thus be revealed by an isolated elevation of plasma TSH 
without other clinical or biological abnormality. 

M. Conclusions 
Considerable progress has been made recently in the study of the TSHR at the 
molecular level. The gene has been cloned and its hormonal and tissue specific 
regulation have been studied. Mutagenesis experiments have provided insight 
into regions important for receptor function. Also, the physiopathology of 
some thyroid disease (non-immune hyperthyroidism, hyperfunctioning 
adenomas, resistance to TSH) has been elucidated in certain cases through the 
finding of TSHR mutations. Constitutive mutants will also lead to a better 
understanding of the mechanism of TSHR activation. 

However, unexpectedly, and in contrast to these developments at the 
molecular level, the structure of the TSHR protein itself is still a matter of 
debate and very little is known about its cellular expression and intracellular 
trafficking. This is mainly due to the lack of development of adequate immu
nological tools to perform such studies. However, a consensus has been slowly 
emerging from the literature in favour of a heterodimeric structure of the 
TSHR. Some questions are still unanswered: what is the role of cleavage in 
TSHR function, what is the role of the shed a-subunit, and is the latter 
implicated in the development of Graves' disease or other thyroid disease? 

Six years after the cloning of the TSHR nothing certain is known regard
ing the pathogenesis of Graves' disease. Genetic studies do not favour a major 
role for the TSHR in the ontogeny of Graves' disease. The epitopes recognised 
by the autoantibodies have not been clearly mapped up to now, and their 
mechanism of action is still unknown. The possibility of developing an in vitro 
test for the direct detection and for the study of these autoantibodies requires 
the purification of large amounts of native receptor. These developments will 
probably be a major issue in the next few years. 
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CHAPTER 4 

Thyroid Hormone Synthesis, Plasma 
Membrane Transport and Metabolism 
G. HENNEMANN and T.J. VISSER 

A. Thyroid Hormone Synthesis 
The most important iodothyronine secreted by the thyroid gland is 3,5,3',5'
tetraiodothyronine (thyroxine, T4)' Thyroxine has little, if any, biological 
activity, and is converted to the active hormone par excellence, i.e. 3,5,3'
triiodothyronine (T3)' In man about 80% of total plasma T3 production is 
extrathyroidally converted to T3 (see below), while 20% is secreted by the 
thyroid gland. 

In the process of synthesis of thyroid hormone the following important 
steps will be discussed: iodide transport through the plasma membrane of the 
thyroid follicular cell, biosynthesis of T4 and T3, endocytosis of iodinated 
thyroglobulin from the colloid into the follicular cell (see also Chap. 7, this 
volume), and release of T3 and T4 into the bloodstream (Fig. 1). 

I. Iodide Transport 

Iodide is concentrated in the thyroid gland against a gradient by virtue of an 
energy-dependent, carrier-mediated transport mechanism in the plasma mem
brane of the thyroid cell. Usually, the concentration of iodide in the serum is 
around or less than 50nM. However, large variations are possible, relative to 
iodine intake. The concentration gradient across the plasma membrane of the 
thyroid cell varies by a factor of 20-50 (DEGROOT et al. 1996). The iodide 
transporter is a Na+/I- symporter and the transport system requires O2 and is 
inhibited in vitro by CN- and dinitrophenol. Transport is dependent on plasma 
membrane Na+/K+-activated ATPase and is inhibited by ouabain, digitoxin 
and other cardiac glycosides in vitro. This inhibition is overcome by potassium 
(WOLFF 1960). The anion transport system is not specific for iodide and is 
competitively inhibited by the following monovalent anions: TcO; ~ CIO; > 
ReO; > BF; > SCN- > r > NO; > Br- > CI-. Perchlorate (CI04-) is clinically 
used in combination with thionamides to treat severe forms of hyper
thyroidism and also to study discharge of previously administered radioactive 
iodine from the thyroid in cases of presumed organification defects. 99mTcO; 
(pertechnetate) is used as a radiolabel to visualize the thyroid and also to 
measure the activity of the "iodide pump". Following uptake, TcO; is not 
covalently bound to proteins in the thyroid and therefore solely measures the 
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Fig. 1. Major steps in thyroid hormone synthesis. (Courtesy of Prof. J. Dumont, 
Brussels, with modifications) 

transport process. Its uptake is increased in hyperthyroidism and in some types 
of congenital dyshormogenesis but is decreased in hypothyroidism. The site of 
iodide transport in thyroid epithelial cells is most likely the basal membrane 
(CHAMBARD et al. 1983). The interior of the thyroid follicular cell maintains a 
negative potential with respect to the extracellular space and the follicular 
lumen (WOODBURY and WOODBURY 1963). Both compartments are 40-50mV 
positive with respect to the intracellular compartment. The iodide that is 
concentrated against the electrical gradient at the basal membrane flows 
downhill with the electrical gradient across the apical membrane into the 
follicular lumen. 

Cloning and characterization of the thyroid iodide transporter, using the 
expression system of Xenopus laevis oocytes, was recently reported (DAL et al. 
1996). The cDNA is 2893 bp in length and codes for a protein of 618 amino 
acids with a molecular weight of 65 kDa. The characteristics of this protein 
suggest an intrinsic membrane protein with 12 putative transmembrane do
mains. Iodide is ultimately translocated via the apical cell membrane into the 
follicular lumen and an apical 1- transporter has also been proposed to exist. 
The iodide trapping mechanism is stimulated by thyroid-stimulating hormone 
(TSH) and other stimulators of the cAMP cascade, and inhibited by the 
mitogens epidermal growth factor (EGF) and 12-0-tetradecanoylphorbol13-
acetate (TPA), a phosphatidylinositol pathway agonist. Both latter substances 
dedifferentiate thyroid follicular cells (RAsP£. and DUMONT 1995), A biphasic 
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effect of TSH on iodide transport has been observed in in vivo studies in the 
rat. During the first 4h after TSH stimulation the thyroid/serum ratio (T/S) of 
iodide decreased, but then gradually increased to above normal levels after 8-
lOh. This phenomenon was explained on the basis that TSH stimulation 
rapidly decreased efflux of iodide from the thyroid cell and that stimulation of 
influx required synthesis of the iodide transporter (HALMI et al. 1960). This 
biphasic effect was later also found in thyroid preparations in vitro from 
different species including mouse, canine, cow and FRTL-5 cells. When 
hypophysectomized rats are fed a low-iodine diet, thyroidal radioactive iodide 
uptake increases. Thus, in areas with iodine deficiency not only the elevated 
serum TSH, but also the iodine deficiency per se, stimulates transport of iodide 
into the thyroid gland. 

II. Biosynthesis of T 4 and T 3 

After uptake of iodide in the follicular cell, it is oxidized and bound to tyrosyl 
residues of the thyroglobulin (TG) molecule, forming monoiodotyrosine 
(MIT) and diiodotyrosine (DIT) residues (Fig. 2). The essential steps in this 
process require, apart from the presence of iodide and TG, a peroxidase and 
supply of H20 2• 

III. Thyroid Peroxidase 

Thyroid peroxidase (thyroperoxidase, TPO, Ee 1.11.18) has been cloned and 
two different cDNAs have been found (KIMURA et al. 1989): one of 3048 bp 
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Fig.2. Iodotyrosines and iodothyronines (very little rT3 is formed in the thyroid, see 
text) 
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coding for a protein of 933 amino acids and a molecular weight of 103026 
daltons (TPO-1) and the other of 2877 bp coding for a protein lacking 57 
amino acids (exon 10 spliced out) with a molecular weight of 96744 daltons 
(TPO-2). Both TPOs are found in normal and abnormal thyroid tissue. The 
TPO gene is located on chromosome 2 p25 ~ p24, spans over 115 kb and has 
17 exons (DE VULDER et al. 1988; BARNETT et al. 1993). TSH, forskolin and 
(Bu)zcAMP induce TPO gene expression, which is, however, inhibited by 
retinoic acid (NAMBA et al. 1993). Two thyroid-specific proteins, TTF-1 and 
TTF-2, have been cloned which bind to the promoter of the TPO gene 
(FRANCIS-LANG et al. 1990). The cAMP cascade induces TTF-2 expression 
which is inhibited by the protein kinase-C (PKC) pathway. TPO mRNA 
contains the code for a signal peptide and is synthesized in the rough endoplas
mic reticulum (RER) and transported to the Golgi apparatus, where it is 
glycosylated. There are five characteristic N-glycosylation sites in the TPO 
molecule, four being occupied by mannose-rich oligosaccharides (RAWITCH et 
al. 1990). After glycosylation, peroxidase along with TG is packaged in exocy
totic vesicles and fuses with the apical membrane of the follicular cell (ERICSON 
et al. 1990). 

IV. HzOz Generation 

Peroxidase requires HzOz for oxidation. The microsomal enzyme NADPH
cytochrome C reductase is probably not responsible for HzOz generation in 
thyroid particles such as mitochondria, endoplasmic reticulum, lysosomes and 
other organelles (CARVALHO et al. 1996). Transfer of reducing equivalents 
from NADH to NADH-cytochrome Bs reductase and cytochrome Bs are 
possibly another source of HzOz generation in the thyroid (OHTAKI et al. 1973). 
Others have demonstrated the generation of HzOz by a membrane-associated 
NADPH-oxidase system that is Caz+ dependent (CARVALHO et al. 1996; Dupuy 
et al. 1991). HzOz availability may be modulated by the presence of 
glutathione-reductase and glutathione peroxidase and by catalase. TSH 
stimulates HzOz generation in the dog thyroid. EGF and phorbol esters that 
stimulate the PKC pathway have been shown to inhibit the effects of chronic 
TSH stimulation (RASPE and DUMONT 1995), in contrast to results of others 
who find a stimulatory effect of the PKC pathway on HzOz generation 
(BJORKMAN and ECKHOLM 1992; KIMURA et al. 1995). 

V. Iodination of Tyrosyl Residues in Thyroglobulin 

Human TG is a homodimeric glycoprotein (10% carbohydrate) with a mo
lecular weight of 670000 daltons. It contains about 140 tyrosyl residues of 
which about only 40 are available for iodination and only a few are involved in 
hormone synthesis (NUNEZ and POMMIER 1982). After its synthesis in the 
follicular cell, TG is stored in the follicular lumen and iodination of tyrosyl 
residues takes place at the border of the apical membrane of the follicular cell. 
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The mechanism of tyrosyl iodination has been studied by severallabora
tories. Iodide is oxidized by peroxidase to a reactive intermediate which 
then reacts with tyrosine in a peptide linkage: 12 is probably not the reactive 
iodine intermediate (TAUROG 1970). The possibility that the intermediate is the 
free radical of iodine (NUNEZ and POMMIER 1982) is also unlikely because, 
although peroxidase-catalysed reactions may involve a free radical mecha
nism, there is evidence that peroxidase-catalysed oxidation of r is a two
electron reaction and not a radical reaction, favouring the view that r is 
the intermediate in both TPO- and lactoperoxidase-catalysed iodination 
(NAKAMURA et al. 1983). Another possibility is that hypoiodite is the interme
diate (MAGNUSSON et al. 1984). (For review, see BJORKMAN and EKHOLM 1990.) 
The thioureylene antithyroid drugs propylthiouracil (PTU) and methimazole 
probably inhibit iodination by multiple mechanisms (see Chap. 9, this vol
ume). Iodination of tyrosyl residues in TG results in the formation of MIT and 
DIT residues. 

VI. Coupling of Iodotyrosines 

Iodothyronines are formed by joining the iodinated hydroxyphenyl group of 
one iodotyrosine residue to the phenolic hydroxyl group of another (Fig. 2). 
The coupling is catalysed by thyroperoxidase that is also involved in tyrosyl 
iodination. When human TG is iodinated in vitro then, depending on the 
amount of iodine added, 5-15 iodotyrosyls are produced; by contrast, the 
formation of iodothyronines is absent at low iodine concentrations, but occurs 
at five sites at high iodine concentrations. The sequences around the 
iodotyrosyls fall into three consensus groups: (1) Glu/Asp-Tyr, associated with 
synthesis of T4 (residues 24, 2572 and 1309), or iodotyrosine (residues 2586 and 
991), (2) Ser/Thr-Tyr-Ser, associated with synthesis ofiodothyronines (residue 
2765) and iodotyrosines (residues 1466 and 883), and (3) Glu-X-Tyr (LAMAS et 
al. 1989). The amino acid sequence Ser-Tyr-Ser (residue 5) is possibly involved 
in T3 formation (PALUMBO et al. 1990). When MIT couples with DIT, T3 is 
formed and when DIT couples with DIT, T4 is formed (Fig. 2). After injection 
of 1311 in vivo, the formation of MIT and DIT occurs within minutes. The 
coupling to T3 and T4 proceeds slowly and hours or days are required to reach 
a steady state of the reaction. The distribution of iodoamino acids is dependent 
on the degree of iodination of TG. MIT is represented most abundantly 
followed by DIT except at high iodination concentrations, when DIT is the 
predominant iodoamino acid. T4 and lastly T3 are synthesized at a much lower 
rate. The iodothyronine content in porcine TG increases linearly between 
0.7% and 1.6% iodine. At 1.6% it contains six residues of T4 and two of T3 
(MARRIQ et al. 1980). In poorly iodinated TG, T3 is preferentially synthesized 
over T4 and MIT/DIT ratios are increased (NUNEZ and POMMIER 1982). Only 
minimal quantities of free iodinated amino acids are present in the thyroid. In 
resting glands, bound 1311 first appears at the periphery of the colloid but then 
diffuses rapidly through the colloid in the follicular lumen. Excessive amounts 
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of iodide decrease iodination and thyroid hormone synthesis. This effect is 
known as the Wolff-Chaikoff effect (see Chap. 8, this volume). 

VII. Endocytosis of Iodinated Thyroglobulin 

In principle, two mechanisms exist for the endocytosis of TG from the follicu
lar lumen into the follicular cell, i.e. macro pinocytosis or pseudopod-depen
dent endocytosis leading to colloid droplet formation, and micropinocytosis or 
coated vesicle-dependent endocytosis. Macropinocytosis enables the cell to 
engulf large amounts of TG and has clearly been demonstrated to be predomi
nantly present in the rat thyroid. In this process pseudopods (Fig. 3) are 
formed at the apical membrane upon TSH stimulation, enabling uptake of 
colloid droplets from the follicular lumen. Micropinocytosis is predominantly 
present in the human thyroid, although excessive TSH stimulation may trigger 
the process of macropinocytosis (ROUSSET and MORNEX 1991). The process 
of micropinocytosis is a receptor-mediated process. Elegant studies by 
KOSTROUCH et al. (1993) have shown that, in contrast to earlier notions, the 
endocytotic process does not exhibit selectivity towards different iodination 
grades of engulfed TG, but that the thyrocyte possesses a sorting machinery 
for endocytosed TG. Internalized TG molecules that have a low degree of 
iodination are recycled back into the follicular lumen for completion of iodina-

Fig. 3. Pseudopods at the apical membrane of the follicular cell. (Courtesy of Prof. J. 
Dumont, Brussels) 
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tion and hormone synthesis. Highly iodinated TG is conveyed to lysosomal 
compartments for further processing, i.e. hydrolysis. 

VIII. Release of T 3 and T 4 

In order to liberate T4 and T3 from peptide linkage to TG after endocytosis, 
TG molecules are first transported to early endosomes and then to late 
endosomes, also called prelysosomes. Fusion of late endosomes with lysos
omes yields phagolysosomes that contain proteolytic enzymes (KOSTROUCH et 
aL 1991). The full complement of proteases and peptidases has been shown to 
be present in lysosomes for release of thyroid hormone residues and degrada
tion of TG. Selectivity of cleavage for liberation of T4 and T3 has been sug
gested on the basis of the presence of proteolytic enzymes involved in cleavage 
at terminal regions of TG. Indeed, T4 and T3 are preferentially located at both 
ends of the amino acid sequence of the TG molecule (see above). It has been 
suggested that degradation of TG involves two main steps, i.e. early selec
tive proteolytic cleavage resulting in release of T4 and T3 and delayed, non
selective proteolysis leading to extensive degradation of the TG backbone 
(ROUSSET et aL 1989). T3 secreted by the thyroid is not only derived from 
hydrolysed TG, but also from 5'-deiodination of hydrolysed T4 by type I 
deiodinase (ISHII et aL 1981). Although the exact contribution of this T3 
pathway versus the novo T3 synthesis to total T3 secreted by the human thyroid 
gland in vivo is not known, it has been demonstrated that enzyme activity is 
much enhanced in Graves' thyroid tissue (ISHII et aL 1981). Type I deiodinase 
activity due to increased protein synthesis is also affected by TSH and by 
Graves' IgG in human thyrocytes and in FRTL-5 rat thyroid cells (ISHII et aL 
1983; TOYODA et aL 1990). Type I 5'-deiodinase activity is also present in 
thyroid cells of the dog (LAUERBERG and BoYE 1982), mouse, guinea pig and 
rat, but not in cattle, pig, sheep, goat, rabbit, deer and llama (BEECH et aL 
1993). Type I deiodinase activity, however, is present in the livers of all these 
species (BEECH et aL 1993) (see Sect. D). 

After hydrolysis of TG, MIT and DIT are deiodinated within the thyroid 
cell by a dehalogenase which is NADPH dependent and is found in the 
thyroid, but also in peripheral tissues (STANBURY and MORRIS 1958). The 
liberated iodide is re-utilized for hormone synthesis ("intrathyroidal iodide 
cycle"), but is partly lost from the thyroid gland ("iodide leak"). Although the 
process of release of T3 and T4 into the blood is commonly described to be by 
passive diffusion, it is at present not at all certain that this is correct. Abundant 
evidence has been presented that transport of thyroid hormones across plasma 
membranes of target cells into the cellular compartment is an active, ste
reospecific, often energy and sodium-dependent process (DOCTER and 
KRENNING 1990) (see below). Efflux of intracellularly located thyroid hor
mones from rat hepatocytes appears to be carrier mediated but independent of 
energy (HENNEMANN et aI., unpublished). No studies have been reported in 
recent years concerning the crossing of thyroid hormones over the plasma 
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membrane of follicular thyroid cells, but the presence of a carrier-mediated 
process is certainly a possibility. 

B. Thyroid Hormone Plasma Membrane Transport 
After release from the thyroid gland, thyroid hormones are bound in plasma 
by thyroid hormone binding-proteins (see Chap. 5) and transported to the 
tissues. Before metabolism of thyroid hormones can take place, they have to 
be transported through the plasma membrane of target cells. In the following 
sections, plasma membrane transport will be discussed as studied in isolated 
cells and in the intact liver as well as the (patho )physiological significance of 
this process in humans. 

I. Studies of Plasma Membrane Thyroid Hormone Transport in 
Isolated Cells 

Although it has been assumed for a long time that thyroid hormones trans
verse the lipid-rich plasma membrane by diffusion because of their lipophilic 
properties, it has now clearly been established that transport into target cells 
is a carrier-mediated, mostly energy- and Na+-dependent process. Even only 
on theoretical grounds it is improbable that the transport process is that of 
passive diffusion. Thus, it has been calculated that the pore radius of the 
plasma membrane varies between 3.5 and 5.5A (STITZER and JACQUEZ 1975). 
The mean radius, however, of for instance T3 has been reported to vary 
between 7.2 and 7.5A (STITZER and JACQUEZ 1975). Furthermore, as thyroid 
hormones are in a charged state, it is even more difficult to passively cross the 
plasma membrane. This has been shown using the electron spin resonance 
stop-flow technique, demonstrating that T3 does not "flip-flop" at any appre
ciable rate in prepared phospholipid bilayers, as after partitioning into the 
membrane it remains in the outer half of the bilayer (LAI et al. 1985). 
Stereospecific carrier-mediated transport has been found in a variety of cells in 
different species such as mouse neuroblastoma cells, human glioma cells, rat 
astrocytes, rat and human red blood cels, choriocarcinoma cells, rat myoblasts, 
human white blood cells, mouse and rat thymocytes, mouse and human 
fibroblasts, human hepatoma cells, rat and human hepatocytes, rat anterior 
pituitary tumour cells and rat anterior pituitary cells (for review see KRAGIE 
1994). 

The most studied cell is the rat hepatocyte. Two saturable binding sites are 
found for T3 (Fig. 4) and T4 in rat and human hepatocytes, i.e. a low-affinity 
site (LAS) and a high-affinity site (HAS). The LAS does not show tempera
ture or energy dependency and probably represents binding to the outer 
surface of the cell membrane. The HAS, however, is highly dependent on 
temperature and the presence of energy and is also dependent on the Na+ 
gradient. Uptake of thyroid hormone is inhibited by ouabain, a specific inhibi-
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Fig.4. Saturability of initial T3 uptake by rat hepatocytes in primary culture. B, amount 
of T3 bound by hepatocytes; F, free T3 in incubation medium) 

tor of Na+, K+-ATPase, showing indeed that the Na+ gradient is important for 
thyroid hormone transport. Transport is also inhibited by metabolic inhibitors 
such as KCN, DNP and oligomycin. The Km value of the HAS in rat hepato
cytes at 21°C is around 20nM for T3 and 1.2nM for T4, and for the LAS 
1800nM and 1000nM, respectively (see for review BEECH et al. 1993). The rat 
hepatocyte has separate putative transporters, one for T4 and rT3 and one for 
T3, although T4 and T3 do inhibit each other's transport mechanisms (Krenning 
et al. 1981, 1982; DOCTER and KRENNING 1990; DE lONG et al. 1994a). Transport 
of thyroid hormones into target cells has shown to be rate limiting on subse
quent metabolism and nuclear binding (HENNEMANN et al. 1986; HALPERN and 
HINKLE 1982; PONTECORVI et al. 1987). Uptake characteristics with regard to Km 
values, Na+ and temperature dependency, and sensitivity to ouabain and meta
bolic blockers are similar in rat hepatocytes, human hepatocytes and human 
fibroblasts (DOCTER et al. 1987; DE lONG et al. 1993). Many authors only find 
high-affinity binding sites in the different cell types studied that are stereospe
cific, temperature dependent, mostly energy dependent and often Na+ depen
dent. The absence of LAS may be attributed not only to differences in cell 
types and species but also in techniques used. 

Rat anterior pituitary cells, in contrast to rat hepatocytes, seem to have 
only one transporter for both T3 and T4, which is dependent on temperature, 
energy and the Na+ gradient (EVERTS et al. 1993, 1994a). Thyroid hormones 
and aromatic amino acids (tryptophan, phenylalanine, tyrosine) competitively 
inhibit each other's transport, but so far no convincing evidence has been 
presented that they share common transporters. Also, competition between 
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thyroid hormone transport and that of benzodiazepine has been reported 
(KRAGIE 1994). Few reports have been published that attempt to isolate the 
thyroid hormone transporter. A monoclonal antibody generated against the 
putative transporter identified a 52-kDa protein in rat liver plasma membrane 
(MOL et ai. 1986). Using photo affinity labelling, a 45-kDa protein in rat eryth
rocyte membranes was identified that showed specific binding characteristics 
for T3 similar to those of T3 transport into intact erythrocytes (SAMSON et ai. 
1993). Recently, Xenopus laevis oocytes were injected with total rat liver 
mRNA that induced specific Na+-dependent transport of T3 and T3 sulphate 
into the oocytes. The induced transport activity was confined to mRNA spe
cies between 1 and 2.5kb (Docter et aI., submitted for pUblication). In these 
studies it was also shown that uptake rate of thyroid hormones was indepen
dent of the intracellular capacity to metabolize thyroid hormones, underscor
ing the potential of the transport process to regulate thyroid hormone 
metabolism. 

II. Liver Perfusion Studies 

Probably the first evidence that, also in the intact organ, uptake of thyroid 
hormone is rate limiting for subsequent metabolism came from a study in 
which uptake of T4 was measured in livers of fed rats and of 3-day fasted rats 
(JENNINGS et ai. 1979; JENNINGS 1984). Thyroxine uptake in livers from fasted 
rats was only 42% of that in fed rats and resulted in a proportionate decrease 
in T 3 production. Subsequent studies, using the system of the isolated perfused 
rat liver, were performed to obtain more insight into the mechanism of the 
decrease in thyroid hormone uptake after fasting in the rat. Forty-eight hours 
of fasting resulted in a decrease of about 40% of plasma membrane T3 trans
port, while intrahepatic T3 metabolism remained unaltered. Addition to the 
circulating medium of insulin and cortisol and/or glucose, 30min prior to the 
transport studies, normalized T3 transport in fasted rat livers but had no 
influence on transport in fed livers (DE JONG et ai. 1992). As uptake was 
normalized within 30min, it was concluded that this was probably caused by 
restoration of intracellular ATP rather than normalization of intracellular 
thyroid hormone-binding protein levels that hypothetically might have de
creased during fasting. In another series of rat liver perfusion experiments, 
fructose added to the medium resulted in a substantial decrease in intracellular 
ATP that was paralleled by a similar reduction in T4 transport (DE JONG et ai. 
1994b) (Fig. 5). In addition, studies in humans showed that i.v. fructose in
duced inhibition of T4 transport into the liver (see below). 

As a general conclusion it can be said that thyroid hormone transport into 
the liver is not only dependent on intracellular A TP when studied in vitro, but 
also when studied in the intact liver. Transport of thyroid hormone into the 
intracellular compartment of the liver is dependent on the free hormone 
concentration, but not on the thyroid hormone binding-protein concentration 
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of the medium (DOCTER et al. 1990). This study confirms the so-called free 
hormone hypothesis stating that it is the free but not the total thyroid hormone 
concentration that determines the rate of entry into the hepatocyte. However, 
in addition to the free hormone concentration, cellular factors such as A TP 
concentration influence uptake rate. These and other factors (see below) play 
a role in the overall determination of thyroid hormone entry into target 
tissues. Results of transport studies of T3 in livers of hypo- and hyperthyroid 
rats showed that adaptive mechanisms were generated, favouring tissue 
euthyroidism (DE lONG et al. 1994c). Thus, in hypothyroid rat livers, transport 
was not changed, but metabolism of thyroid hormone was decreased, so that 
intracellular thyroid hormone bioavailability was increased. In hyperthyroid 
rat livers, however, transport of thyroid hormone into the liver was decreased, 
but intracellular metabolism was increased, both effects thus decreasing 
bioavailability. Similar to the results of in vitro studies, analysis of transport of 
T4 and T3 in livers of rats treated with amiodarone showed that T4 and T3 were 
transported by different carriers. Although transport of T4 into the liver and 
subsequent metabolism were inhibited by pretreatment with amiodarone, up
take and metabolism of T3 were unaffected (DE lONG et al. 1994a). Energy
dependent transport of a compound is usually against a concentration 
gradient. Thus, a higher concentration of the free compound would be ex
pected to be present in the intracellular compartment versus the extracellular 
compartment. To study this aspect, experiments were conducted using the 
isolated rat liver perfusion model. Both influx and efflux from the liver and 
metabolic parameters of T4 and T3 were determined. The free T4 and T3 
intracellular concentrations were determined in diluted liver cytosol. It ap
peared that the calculated intracellular versus extracellular ratio for free T4 
was 18.2 and for free T3 18.8 (DOCTER et al. 1993). 
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III. (Patho )physiological Significance of Thyroid Hormone Plasma 
Membrane Transport: Its Role in the Generation of Low Serum T 3 

in Non-thyroidal Illness in Man 

Non-thyroidal illness (NT!) may be defined as any acute or chronic illness that 
is not related to the thyroid gland but is accompanied by an abnormal thyroid 
hormone profile. This abnormal profile is also induced by caloric deprivation. 
The most characteristic abnormality in serum iodothyronine levels is a de
crease in serum T3 and the synonymous term "low T3 syndrome" is therefore 
also used. The serum concentration of the metabolite 3,3',5'-triiodothyronine 
(reverse T3, rT3), which is metabolically inactive, is often elevated while serum 
T4 is mostly normal or slightly increased, except in critical illness, where it may 
be decreased. Eighty percent ofT3 is produced outside the thyroid gland by 5'
deiodination of T4, in which process the liver plays a dominant role. The 
decrease in serum T3 in NTI and starvation in humans is caused by a diminu
tion in plasma T3 production, while metabolic clearance rate (MCR) of T3 
remains about the same (HENNEMANN 1986). The elevation of plasma rT3' 
which is virtually all produced outside the thyroid gland (predominantly in the 
brain; see Sect. C) is caused by a decreased MCR by the liver, while rT3 
production rate remains unaltered (HENNEMANN 1986). The decrease in serum 
T4 in critical illness is caused by decreased serum binding and also by a lowered 
production rate (HENNEMANN 1986). It should be noted that the low T3 syn
drome in rats is predominantly caused by an initial fall in TSH secretion 
followed by roughly parallel decreases in plasma T4 and T3, while rT3 is hardly 
detectable (KAPLAN and UTIGER 1978; ROSENBAUM et al. 1980; KINLAW et al. 
1985). In addition, peripheral 5' deiodination of iodothyronines is also de
creased (HENNEMANN 1986). By contrast, the low T3 syndrome in caloric 
deprivation and in NTI in the human is predominantly caused by alterations in 
peripheral thyroid hormone metabolism, while thyroid gland activity is mostly 
normal except that it may be modestly decreased in critical illness. In man, the 
described abnormalities in production rates and MeR of iodothyronines can 
be either explained by inhibition of transport of thyroid hormones into tissues 
and/or by inhibition of deiodination. It is obviously not possible to obtain 
direct information about these two aspects in humans during caloric depriva
tion and illness. Indirect evidence may be obtained by performing plasma 
iodothyronine tracer kinetics that are analysed on the basis of compartmental 
analysis. In this way unidirectional influx and efflux rates into and from tissues 
respectively can be separately measured. On the basis of these and other 
parameters, the process of transport into tissues and of intracellular metabo
lism can be assessed. Using this technique, studies during caloric deprivation in 
obese but otherwise healthy volunteers revealed that T4 transport into tissues 
was inhibited by about 50% and that of T3 by about 25% (VAN DER HEYDEN et 
al. 1986). The difference in transport inhibition was at least partly explained by 
different sensitivity of the T4 and T3 transport process to decreases in intracel
lular ATP induced by starvation (see below). In contrast to previous studies 



Thyroid Hormone Synthesis, Plasma Membrane Transport and Metabolism 87 

(HENNEMANN 1986), a decrease in T4 production rate was noted of 20%, while 
T3 production rate dropped by 40%. Inhibition of peripheral T4 to T3 conver
sion could only partly explain the marked decrease in plasma T3 production, 
and it was concluded that T4 transport inhibition into T3-producing tissues 
(predominantly the liver) plays an important role in the generation of the low 
T3 syndrome in caloric deprivation. KAPTEIN et al. (1982, 1987) studied T4 
transfer into tissues during critical non-thyroidal illness and also found marked 
inhibition of T4 transport into tissues. However, no inhibition of T3 transport 
was noted in these studies. That T4 transport inhibition into the liver is not only 
rate limiting for subsequent deiodination to T3 in vitro, but also in vivo, was 
also substantiated by a study in a human subject who appeared to have a 
subnormal plasma T3 production rate due to selective inhibition of T4 trans
port into the liver (HENNEMANN et al. 1993) (Fig. 6). 

As to the cause of transport inhibition, cellular and extracellular factors 
have to be considered. One of the intracellular factors is most probably ATP. 
It has been shown in isolated hepatocytes, as well as in liver perfusion studies 
(see above), that the transport rate of thyroid hormones is dependent on the 
intracellular ATP concentration. In vitro studies indicate that T4 transport is 
more sensitive to a lowered intracellular ATP than T3 transport (KRENNING et 
al. 1982). There is also evidence that in starvation and in NT! intracellular 
energy stores may be reduced (KRENNING et al. 1983). In agreement with the 
different effects of intracellular ATP decreases on T4 and T3 transport are the 
findings in humans that, in caloric restriction and in NTI, T4 transport into 
tissues is more profoundly affected than that of T3 (see above). More direct 
evidence that a decrease in hepatic ATP in humans affects T4 transport nega
tively has been reported in studies in volunteers injected with an intravenous 
bolus of fructose. Although liver ATP measurement could obviously not be 
performed, a decrease was indirectly evidenced by an increase in serum lactate 
and uric acid (SAMSON et al. 1993). Other cellular factors that may interfere 
with thyroid hormone uptake into tissues in starvation and in NTI are possible 
changes in membrane fluidity by dietary manipulation or in disease or by 
changes in the sodium gradient over the plasma membrane (SCHACHTER 1984). 

Regarding extracellular factors, it was found that serum of patients with 
NT! inhibited T4 and T3 uptake in rat hepatocytes in culture. The effect on T4 
uptake was more pronounced than on that ofT3 and inhibition was progressive 
with increasing severity of NT! (Vos et al. 1995) (Fig. 7). It was also reported 
that serum of critically ill patients inhibited T4 entry into the isolated intact rat 
liver by more than 50% (Vos et al. 1991). Analysis of serum of patients with 
NT! revealed that in uraemia two substances that inhibit T4 uptake in rat 
hepatocytes are present in increased concentrations. These substances are a 
furanic acid, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid, and indoxyl 
sulphate (LIM et al. 1993a). In patients with non-uraemic critical illness both 
bilirubin and non-esterified fatty acids, circulating in increased concentrations, 
also inhibited T4 uptake into rat hepatocytes (LIM et al. 1993b). It was also 
found that in caloric restriction as in NTI, non-esterified fatty acids were 
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elevated to the extent that serum of such patients exerted inhibitory effects on 
T4 transport into rat hepatocytes (LIM et al. 1994). 

Thus, both intracellular and extracellular factors may contribute to trans
port inhibition of T3 and particularly of T4 into tissues, notably the liver. As 
plasma rT3 is cleared by the liver and rT3 and T4 share the same transport 
mechanism in the liver [which is different from that of T3 (KRENNING et al. 
1982)], a decrease in MeR of rT3 in starvation and in NTI (see above) readily 
explains an increased plasma rT3 in these conditions. It seems possible that 
variations in composition of diet and of amount of calories consumed, and 
more generally in energy turnover, may be of influence on cellular and 
extracellular factors that regulate thyroid hormone transport into tissues 
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and thus play a role in the physiological regulation of thyroid hormone 
bioavailability. 

Lowered T3 production in starvation and in NT! is considered to be a 
defence mechanism in situations of stress as it results in conservation of energy 
and of protein, i.e. organ function (GARDNER et al. 1979; HENNEMANN 1986). 

C. Thyroid Hormone Metabolism 
Thyroxine undergoes multiple metabolic reactions (Fig. 8) (ENGLER and 
BURGER 1984; VISSER 1988; KOHRLE et al. 1991; LARSEN and BERRY 1995): the 
most important of these is deiodination, not only in quantitative terms but 
especially because of its role in the regulation of thyroid hormone bioactivity. 
Thus, T4 is converted by 5'-deiodination (outer ring deiodination, ORD) to the 
bioactive hormone T3 or by 5-deiodination (inner ring deiodination, IRD) to 
the inactive metabolite rT3' T 3 is inactivated by IRD to 3,3'-diiodothyronine 
(3,3'-Tz), a metabolite that is also generated by ORD ofrT3. 

In addition to deiodination, iodothyronines are metabolized by conjuga
tion of the phenolic hydroxyl group with sulphate or glucuronic acid (VISSER 
1994a), and, to a minor extent, by ether bond cleavage (GREEN 1994) and 
oxidative deamination of the alanine side chain (SIEGRIST-KAISER and BURGER 
1994) (Fig. 8). The latter converts T4 to Tetrac (T A4) and T3 to Triac (T A3)' 
T A4 and T A 3 bind with higher affinity to plasma proteins than T4 and T 3, 
respectively. However, both in rats and humans the half-lives of circulating 
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T A4 and T A3 are shorter than those of the corresponding iodothyronines. This 
explains the low in vivo bioactivity of T A3, although it has a higher affinity 
than T3 for, in particular, the ~type T3 receptor (SIEGRIST-KAISER and BURGER 
1994). 

Sulphation and glucuronidation are so-called phase II detoxication reac
tions, the general purpose of which is to increase the water solubility of the 
substrates and thus to facilitate their urinary and biliary clearance. However, 
only small amounts of iodothyronine sulphates normally appear in bile, urine 
or serum, because they are rapidly deiodinated by the type I iodothyronine 
deiodinase. In particular, the IRD of T4 sulphate (T4S) and T3 sulphate (T3S) 
is strongly enhanced, suggesting that sulphate conjugation is a primary step 
leading to the irreversible inactivation of thyroid hormone (VISSER 1994a, 
1994b). When ID-I activity is low, e.g. during fetal development, NT! and 
fasting, these sulphates accumulate in serum and active T3 may be recovered 
by hydrolysis of T3S by tissue sulphatases and bacterial sulphatases in the 
intestine (VISSER 1994b; CHOPRA 1994; POLK 1995). In contrast to the sulphates, 
iodothyronine glucuronides are rapidly excreted in the bile. However, this is 
not an irreversible pathway of hormone disposal, since after hydrolysis of the 
glucuronides by bacterial f3-glucuronidases in the intestine at least part of the 
liberated iodothyronines are reabsorbed, constituting an enterohepatic cycle 
(VISSER 1994a). In the following sections the biochemical aspects of the 
deiodination, sulphation and glucuronidation pathways in particular will be 
reviewed. 

D. Deiodination 
ORD is regarded as an activating pathway by which the prohormone T4 is 
converted to active T3, whereas IRD is regarded as an inactivating pathway by 
which both T4 and T3 are converted to inactive metabolites. Also, physico-
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chemically, ORD and IRD are distinct processes, since the C-I bonds are 
much stronger in the inner (tyrosyl) than in the outer (phenolic) ring. Three 
types of iodothyronine deiodinases have been identified (Table 1) (VISSER 
1988; KOHRLE et al. 1991; LARSEN and BERRY 1995), the structures of which 
have recently been characterized (Table 2). They are homologous, integral 
membrane proteins which all require thiols as cofactor. However, they have 
distinct tissue distributions, catalytic specificities, physiological functions and 
regulatory aspects (VISSER 1988; KOHRLE et al. 1991; LARSEN and BERRY 1995). 

The type I iodothyronine deiodinase (ID-I) is located predominantly in 
liver, kidney and thyroid (VISSER 1988; KOHRLE et al. 1991; LARSEN and BERRY 
1995). Evidence has been presented that the enzyme is associated in rat liver 
with the endoplasmic reticulum and in rat kidney with the plasma membranes. 
It catalyses the ORD and/or IRD of a variety of iodothyronine derivatives, in 
particular sulphates (see below). In the presence of dithiothreitol (DTT) as 
cofactor, ID-I displays high Km and Vmax values (Table 3). Among the non
sulphated iodothyronines, rT3 is by far the preferred substrate, the ORD of 
which is orders of magnitude faster than the deiodination of any other 
iodothyronine (Table 3). Therefore, it is not surprising that ID-I is probably 
the primary site for the clearance of plasma rT3' Although it catalyses the 
conversion of T4 to T3 much less effectively, ID-I is supposed to be the major 
source of circulating T3 (VISSER 1988; KOHRLE et al. 1991; LARSEN and BERRY 
1995). ID-I activity in liver and kidney is stimulated in hyperthyroidism and 
decreased in hypothyroidism, representing the regulation of ID-I activity by T3 
at the transcriptional level (O'MARA et al. 1993). ID-I activity in cultured 
thyroid cells is stimulated by both T3 and TSH (TOYODA et al. 1992). (For an 
extensive review of ID-I, see BERRY and LARSEN 1994.) 

The type II iodothyronine deiodinase (ID-II) is expressed primarily in the 
brain, the anterior pituitary gland and brown adipose tissue (VISSER 1988; 
KOHRLE et al. 1991; LEONARD and SAFRAN 1994). However, expression of ID
II mRNA has recently also been shown in human heart and skeletal muscle 
(CROTEAU et al. 1996; SALVATORE et al. 1996). It has been reported that in rat 
brain ID-II is expressed in neurons, in particular in nerve terminals, although 
the enzyme can also be induced in cultured glial cells by a variety of factors 
(LEONARD and SAFRAN 1994). ID-II has only ORD activity, exhibiting low Km 

Table 1. Characteristics of the three types iodothyronine deiodinases 

Type 

Tissues 
PTU 
Hypothyroidism 
Hyperthyroidism 

liver, kidney, thyroid 
inhibition 
decrease 
increase 

II 

brain, BAT, pituitary 
no effect 
increase 
decrease 

III 

brain, skin, placenta 
no effect 
decrease 
increase 
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Table 3. Kinetic parameters of iodothyronine deiodinases 

Substrate Reaction Product Km Vrnax Vmax/Km 

ID-I (rat liver)" pM pmol 
T4 ORD T3 2.3 30 13 
T4 IRD rT3 1.9 18 9 
rT3 ORD 3,3'-Tz 0.06 559 8730 
T3 IRD 3,3'-Tz 6.2 36 6 

ID-JI (hypothyroid rat brain? nM fmol 
T4 ORD T3 1.1 11 10 
rT3 ORD 3,3'-Tz 2.8 6 2 

ID-JII (rat brainy nM fmol 
T4 IRD rT3 37 144 4 
T3 IRD 3,3'-Tz 5.5 134 24 

V maX' per min and per mg protein. 
a VISSER TJ, FEKKES D, DOCTER R, HENNEMANN G (1979) Kinetics of enzymic reductive 
deiodination of iodothyronines. Biochem J 179:489-495. 
bVISSER TJ, LEONARD JL, KAPLAN MM, LARSEN PR (1982) Kinetic evidence suggesting 
two mechanisms for iodothyronine 5'-deiodination in rat cerebral cortex. Proc Natl 
Acad Sci USA 79:5080-5084. 
cKAPLAN MM, VISSER TJ, YASKOSKI KA, LEONARD JL (1983) Characteristics of 
iodothyronine tyrosyl ring deiodination by rat cerebral cortical microsomes. 
Endocrinology 112:35-42. 

and Vmax values, and a slight preference for T4 over rT3 as substrate (Table 3). 
In contrast to ID-I, it does not catalyse the deiodination of sulphated 
iodothyronines (Visser et aI., unpublished). The amount of T3 in tissues ex
pressing ID-II is derived to a large extent from local conversion of T4 by this 
enzyme and to a minor extent from plasma T3 (LARSEN et aL 1981). In general, 
ID-II activity is increased in hypothyroidism and decreased in hyper
thyroidism. Part of this negative control is explained by substrate-induced 
inactivation of the enzyme by T4 and rT3 (LEONARD and SAFRAN 1994). How
ever, a presumably receptor-mediated inhibition of ID-II activity by T3 has 
been demonstrated in pituitary tumour cells (HALPERIN et aL 1994). 

The type III iodothyronine deiodinase (ID-III) is located predominantly 
in brain, especially fetal brain, neonatal skin, placenta and fetal intestine 
(VISSER 1988; KOHRLE et aL 1991; ST. GERMAIN 1994). High ID-III activities are 
also found in embryonic chicken liver (DARRAS et aL 1992). The subcellular 
localization of the enzyme has not been assessed, but highest activities are 
associated with the microsomal fractions of the tissues. ID-III has only IRD 
activity, catalysing the inactivation of T4 and T3 with intermediate Km and V max 

values (Table 3). ID-III in tissues such as the brain is thought to playa role in 
the regulation of intracellular T3levels, while its presence in placenta and fetal 
tissues may protect developing tissues against exposure to high levels of active 
thyroid hormone (ST. GERMAIN 1994). In adult subjects, ID-III may be an 
important site for clearance of plasma T3 and production of plasma rT3' In 
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brain and skin, but not in placenta, ID-III activity is increased in 
hyperthyroidism and decreased in hypothyroidism (VISSER 1988; KOHRLE et al. 
1991; ST. GERMAIN 1994). Little is known at present about the mechanism of 
this regulation. 

E. Characterization of Iodothyronine Deiodinases 
The first report on the structural characterization of an iodothyronine 
deiodinase was published by the group of BERRY and LARSEN in 1991, who 
cloned rat ID-I cDNA using Xenopus laevis oocytes as an expression system 
(BERRY et al. 1991a). In the subsequent 5 years not only ID-I but also ID-II and 
ID-III have been cloned from several species, with major contributions also of 
ST. GERMAIN and coworkers (MANDEL et al. 1992; TOYODA et al. 1995b; MAlA et 
al. 1995; ST. GERMAIN et al. 1994; BECKER et al. 1995; CROTEAU et al. 1995; 
SALVATORE et al. 1995; DAVEY et al. 1995; CROTEAU et al. 1996). The deduced 
amino acid sequences of rat ID-I, ID-II and ID-III are given in Table 2. These 
developments have greatly advanced our understanding of the molecular 
mechanisms of thyroid hormone deiodination. Thus, it has been shown that 
the three types of iodothyronine deiodinases are homologous proteins, con
sisting of ~250 amino acids. Although they are all basic and hydrophobic 
proteins, a particulary lipophilic sequence is present at the N terminus of all 
three deiodinases, which probably represents a membrane-spanning region 
(TOYODA et al. 1995a). Studies of the topography of rat ID-I have suggested 
that the major part of the protein is exposed on the cytoplasmic surface of the 
membrane, with only a short N-terminal tail sticking out of the other side of 
the membrane (TOYODA et al. 1995a). Analysis of detergent extracts of rat liver 
or kidney membranes have indicated an apparent molecular weight of 50-
60kDa for native ID-I (LEONARD and VISSER 1986), which is about twice the 
molecular weight of the protein encoded by the cDNA, suggesting that ID-I is 
a dimer of two identical subunits. Analysis of detergent extracts of brain cell 
membranes have indicated an apparent molecular weight of ~200kDa, sug
gesting a multimeric complex of different subunits (SAFRAN and LEONARD 
1991). Supposedly, one of these is the ~30-kDa protein shown in Table 2, while 
another ~30-kDa subunit appears to be involved with the substrate-induced 
internalization and inactivation of ID-II in brain cells (LEONARD and SAFRAN 
1994; SAFRAN and LEONARD 1991). The subunit composition of ID-III has not 
been investigated. 

The most remarkable feature of all three types of iodothyronine 
deiodinase is that they are selenoproteins, i.e. they contain selenocysteine 
(Sec) residues. Sec is encoded by the TGA (UGA) codon, which is called an 
opal stop codon because it usually signals termination of translation. However, 
if the 3' untranslated region of the mRNA contains a particular stem loop 
structure, termed Sec-insertion (SECIS) element, the UGA codon specifies 
the insertion of Sec (for reviews of the synthesis of selenoproteins, see BERRY 
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and LARSEN 1992; LARSEN and BERRY 1995.) Table 2 shows the amino acid 
sequences of the three iodothyronine deiodinases in the rat. All three cDNAs 
feature roughly halfway through the coding sequence, in a particularly con
served domain, a TGA codon which encodes a Sec residue. However, in 
contrast to the amphibian enzyme (DAVEY et al. 1995), both rat and human ID
II have at the C terminus a second TGA codon, just upstream of a TAA stop 
codon (CROTEAU et al. 1996). It remains to be determined if this second TGA 
codon specifies the incorporation of a second Sec residue or if it acts as a 
translation termination codon. 

Before ID-I was identified as a selenoprotein, this was suspected based on 
findings of strongly reduced ID-I activities in homogenates of liver and kidney, 
but not of thyroid, from rats reared on a selenium (Se )-deficient diet (BECKETT 
et al. 1987). This is associated with a minor decrease in serum T3 and a marked 
increase in serum T4 • Such studies have produced equivocal data regarding the 
Se dependence of the type II and type III deiodinases. ID-II activities have 
been shown to be decreased in brown adipose tissue and brain of Se-deficient 
rats (BECKETT et al. 1989; ARTHUR et al. 1991; MEINHOLD et al. 1993). However, 
this Se deficiency-induced decrease in brain ID-II activity is not observed in 
hypothyroid animals (CHANOINE et al. 1992). Together with other observa
tions, this suggested that the decrease in brain D-II activity in Se-deficient 
euthyroid animals is due, at least in part, to an increased substrate-induced 
enzyme inactivation resulting from the increased serum T4 levels (CHANOINE et 
al. 1992). In addition, it has been found that ID-II activity in rat glial cell 
cultures is not affected by Se depletion, in contrast to an almost complete 
disappearance of glutathione peroxidase (GPx), another selenoenzyme 
(SAFRAN et al. 1991). As for ID-III, the activity of the brain enzyme was found 
to decrease only slightly while enzyme activities in placenta and skin are not 
affected at all in Se-deficient rats (MEINHOLD et al. 1993; CHANOINE et al. 1993). 
These unexpected minor effects of Se deficiency on ID-II and ID-III activities, 
despite the fact that their cDNA sequences appear to code for Sec-containing 
proteins, may be explained by the findings that the selenium state of different 
tissues varies greatly in Se-deficient animals (BERRY and LARSEN 1992; LARSEN 
and BERRY 1995). In addition, the efficiency of the SECIS element to assist 
in the read-through of the UGA codon may vary between the different 
selenoproteins, which could result in the preferred incorporation of Sec into 
some selenoproteins (e.g. deiodinases) over others (e.g. GPx) (BERRY and 
LARSEN 1992; LARSEN and BERRY 1995). 

ID-I catalyses the deiodination of iodothyronines by DTT by a "ping 
pong" mechanism, suggesting that the enzyme alternates between two distinct 
forms (LEONARD and VISSER 1986). The native form is thought to be converted 
by reaction with the iodothyronine substrate into an intermediate form, which 
is converted back to native enzyme by reaction with the cofactor (DTT). 
Another remarkable feature of ID-I is its extreme sensitivity to inactivation by 
the SH group-blocking reagent iodoacetate (lAc) (LEONARD and VISSER 1986). 
This inactivation requires only micromolar concentrations of lAc, and is pre-
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vented competitively by substrate, which was initially explained by assuming 
the carboxymethylation of a highly reactive SH group in the enzyme-active 
centre. This explanation seemed to fit with the findings that 6-n-propyl-2-
thiouracil (PTU) is a potent inhibitor of ID-I, where the inhibition is 
uncompetitive with substrate and competitive with cofactor, suggesting that 
PTU and cofactor react with the same intermediate enzyme form. Since thiou
racil derivatives have been found to be highly reactive towards protein 
sulphenyl iodide (Sl) groups, it was only natural to assume the generation of 
such an enzyme intermediate in the catalytic cycle of ID-I (LEONARD and 
VISSER 1986). However, as soon as ID-I was identified as a selenoprotein it was 
realized that it is perhaps the Sec residue which in the reduced (SeH) form is 
modified by lAc and in the selenenyl iodide (Sel) form is the target for 
inhibition by PTU, resulting in the putative reaction mechanism shown in 
Fig. 9. The active participation of Sec in the catalytic process is supported by 
the findings that mutation of Sec into Cys results in a hundredfold decrease in 
deiodinase activity, while replacement of Sec by Leu yields an enzymatically 
inactive protein (BERRY et al. 1991a, 1992). Furthermore, ID-I activity is inhib
ited by very low concentrations (,.,10-8 M) of gold thioglucose (GTG), which is 
know to form a highly stable complex with reduced Sec (BERRY et al. 1991b, 
1992) (Fig. 9). Therefore, Sec is probably the catalytic centre of ID-I. 

Figure 10 compares the effects of PTU, lAc and GTG on the activities of 
the three types of iodothyronine deiodinases from rat, determined at substrate 
levels roughly equal to their Km values. ID-I is clearly most sensitive to these 
inhibitors, with ICso values of,.,5 J.1M for PTU, ,.,2/-lM for lAc and ,.,0.05/-lM for 
GTG. Both ID-II and ID-III are much less sensitive to inhibition by these 
compounds: ICso values of PTU are >1000/-lM and of lAc ,.,1000/-lM for both 
enzymes. The ICso value of GTG amounts to,.,1 J.1M for ID-II and to ,.,5/-lM for 
ID-III. Not only the presence of Sec in all three deiodinases, but also that of 
other conserved domains, in particular around this catalytically important Sec 

MECHANISM OF TYPE I IODOTHYRONINE DEIODINASE 

T4 Ta 

E-Se-CH2COOH ~ HN:)O 

~f\ I PTU 
E-SeH E-Sel ~ E-Se-S ~ R 

~G~ N 
E-Se-Au 1\ 

DTT ox DTT red 
+1-

Fig. 9. Putative catalytic mechanism of ID-I and inhibition by PTU, lAc and GTG 
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Fig. lOA-C. Dose-dependent inhibition of iodothyronine deiodinases by PTU, lAc 
and GTG. A ID-I activity of rat liver microsomes tested with O.l.uM rT3 and 10mM 
DTT. BID-II activity of hypothyroid brain microsomes tested with 0.25 nM T4 and 
25mM DTT. C ID-lII activity of rat placenta microsomes tested with lOnM T3 and 
10mMDTT 

residue, strongly suggests the same mechanism of deiodination for the differ
ent enzymes. This seems to be contradicted by the widely different suscepti
bilities of lD-l vs. lD-II and lD-IIl to the different mechanism-based 
inhibitors PTU, lAc and GTG (see also MOL et al. 1993; BERRY et al. 1991c; 
SANTINI et al. 1992a). This conclusion also seems to be in conflict with previous 
findings that, in contrast to the ping pong kinetics of lD-l, the other two 
enzymes appear to follow sequential-type kinetics, suggesting the formation of 
a ternary enzyme-substrate-cofactor complex during catalysis (LEONARD and 
VISSER 1986). A possible explanation for this apparent discrepancy is to as
sume that the low susceptibility of lD-II and lD-IIl to especially lAc and 
GTG indicates that the reactivity of the selenol group in these enzymes is 
much less than that in lD-I. This would imply that the turnover numbers for 
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iodothyronine deiodination by ID-II and ID-III are much lower that that of 
ID-1. It has been shown that the turnover number for the Sec126Cys mutant of 
rat ID-I is 2 orders of magnitude lower than that of the wild-type enzyme, 
which is associated with a dramatic decrease in its sensitivity for inhibition by 
GTG and PTU (BERRY et al. 1991b, 1992). The findings of sequential-type 
kinetics for both ID-II and ID-III rather than the expected ping pong kinetics 
for ID-I may have been due to unsuitable conditions for analysis of these 
kinetics, for instance, the use of low substrate/enzyme ratios. It has been 
demonstrated that if ID-I is investigated under such "low-Km" conditions, the 
enzyme characteristics, including low sensitivity to PTU, strongly resemble 
those observed for ID-II and ID-III (SHARIFI and ST. GERMAIN 1992). 

F. Sulphation 
I. Thyroid Hormone Sulphotransferases 

Relatively little is known about the sulphotransferases (STs) involved in the 
sulphation of thyroid hormone. In rats, T3 ST activities are highest in cytosol 
of liver, followed by brain and kidney (HURD et al. 1993). Hepatic T3 ST 
activities were found to be two to five times higher in male than in female rats, 
which was correlated with the pattern of growth hormone (GH) secretion, i.e. 
pulsatile in males and continuous in females (GONG et al. 1992). The opposite 
was true in mice, with ""fivefold higher T3 sulphation rates in female than in 
male animals (GONG et al. 1992). In rat liver cytosol and in partially purified 
aryl sulphotransferase (AST) I and AST IV preparations, sulphation rates 
decreased in the order 3,3'-Tz » TA3 > T3> rT3> T4, with T4 sulphation being 
virtually undetectable (GONG et al. 1992; SEKURA et al. 1981). T3 ST activity in 
rat liver is relatively heat stable, shows a high Km value for T3 ("" lOO.uM) and 
is inhibited by low concentrations of DCNP (ICso 5.5 .uM) and pentachlorophe
nol (ICso 0.065 .uM) (HURD et al. 1993; GONG et al. 1992). Inconsistent effects of 
thyroid state on T3 ST activity in rat liver have been reported (HURD et al. 
1993; GONG et al. 1992). Hepatic T3 ST activity in fetal rats shows a strong 
increase between 17 and 20 days of gestation. Enzyme activities in liver and 
kidney of 20-day fetal rats are about half of those in the mother, while brain T 3 
ST activity is still very low at this stage (HURD et al. 1993). 

T3 is a substrate for at least three phenol sulphotransferases (PSTs) in 
human tissues, i.e. for two forms of thermostable, phenol-preferring PST (P
PST) as well as for a thermolabile, monoamine-preferring PST (M-PST) 
(YOUNG et al. 1988). P-PST is especially abundant in liver and is also most 
important for T3 sulphation in this tissue, while M-PST is more prevalent in the 
intestine. T3 sulphation in human liver is inhibited by low concentrations of 
2,6-dichloro-4-nitrophenol (DCNP; ICso ",,5,uM), a selective inhibitor of the P
PST isoenzyme. Km values amount to ",,100-200.uM for T3 and to ""O.l-OA,uM 
for PAPS with the different enzyme preparations. No sex dependence was 
found for human liver T3 ST activity (GONG et al. 1992). 



Thyroid Hormone Synthesis, Plasma Membrane Transport and Metabolism 99 

II. Deiodioatioo of Iodothyrooioe Sulphates 

Although ID-I is capable of converting T4 with similar efficiency by ORD to T3 
and by IRD to rT3' this is changed dramatically after sulphate conjugation 
(VISSER 1994a, 1994b). The IRD of T4S by rat ID-I is accelerated ""200-fold 
while ORD ofT4S becomes undetectable (Fig. 11), excluding conversion ofT4 
to T3 via their sulphates. IRD of T3 by rat and human ID-I is also markedly 
stimulated ("" 40-fold) by sulphation (Fig. 11) (VISSER 1994a, 1994b). The 
acetic acid analogue T A3 is also deiodinated in the inner ring by ID-I, and is in 
fact a better substrate than T3. IRD of T A3 is further strongly facilitated ("" 50-
fold) by sulphate conjugation. Thus, the combined effects of the acetic acid 
side chain and the phenolic sulphate group ensure that T A3S is de iodinated 
",,103 more efficiently than T3 (VISSER 1994a, 1994b). As mentioned before, rT3 
is the preferred ID-I substrate; its ORD to 3,3'-Tz is catalysed >l00-fold more 
effectively than the deiodination of any other non-sulphated iodothyronine 
(Table 3). Deiodination of rT3 is not influenced by sulphation, suggesting that 
the catalytic efficiency of ID-I is already optimal with non-sulphated 
rT3 (Fig. 11). While sulphation inhibits ORD of T4 and is without effect on 
ORD of rT3, it markedly stimulates ORD of 3,3'-Tz (Fig. 11) (VISSER 1994a, 
1994b). 

Thus, sulphation facilitates the IRD of T4, T3 and TA3, while it either 
inhibits (T 4), does not affect (rT3) or markedly stimulates (3,3'-Tz) the ORD of 
other substrates. The mechanism by which sulphation especially stimulates the 
IRD of the various substrates remains unclear. In some cases sulphation 
primarily effects an increase in V max' while in others there is a predominant 

'Vmax (pmoVmin/mg)/Km (I.lM) 

Fig. 11. Efficiency of deiodination of iodothyronines and their sulphates by rat liver 
ID-I 
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decrease in apparent Km value (VISSER 1994a, 1994b). The facilitated 
deiodination of sulphated iodothyronines by rat liver ID-I is due to interaction 
of the negatively charged sulphate group with protonated residues in the 
active centre of this basic protein. The effect depends both on the site and 
the nature of the conjugating group. Type I deiodination of different 
iodothyronines is only moderately stimulated by sulphonation of the a-NH2 

group, in contrast with the pronounced effects of sulphonation of the 4'-OH 
group (RUTGERS et aL 1991). We have also found that ID-I does not catalyse 
the deiodination of T3G (EELKMAN ROODA et aL 1989c). The effects of 
sulphation appear specific for ID-I, since deiodination of sulphated substrates 
is not observed with either ID-II (VISSER et aI., unpublished) or ID-III 
(SANTINI et aL 1992c). 

III. Occurrence of Iodothyronine Sulphates 

After IV injection of e2SI]T3 to control bile duct-cannulated rats, e2sl]T3G was 
found to be the predominant radioactive product excreted in the bile (DE 
HERDER et aL 1987). Pretreatment of rats with PTU had little effect on the 
biliary excretion of T3G, but excretion of T3S and 3,3'-T2S was strongly in
creased. While treatment of rats with DCNP alone did not affect biliary 
excretion of T3 metabolites as compared with untreated rats, DCNP greatly 
diminished the PTU-induced excretion of T3S and 3,3'-T2S. This is in agree
ment with the above-mentioned in vitro findings, suggesting an important 
contribution of DCNP-sensitive PSTs to hepatic T3 sulphation. 

T3S may also be detected in blood. After i.v. administration of [12SI]T3 to 
untreated rats, iodide is the predominant radioactive metabolite in plasma 
(RUTGERS et aL 1987). However, if labelled T3 is injected in PTU-treated rats, 
the appearance of plasma iodide is strongly diminished, and T3S and 3,3'-T2S 
accumulate in plasma to eventually higher levels than that of remaining T3 
(RUTGERS et aL 1987). Following i.v. injection of [12SI]T3S to control rats, the 
conjugate is cleared from plasma more rapidly than T3. Iodide is again the 
main metabolite observed in plasma, and ",20% of the dose is excreted as 
intact T3S in the bile (RUTGERS et aL 1987). Plasma T3S clearance is strongly 
decreased in PTU-treated rats, and this is associated with a marked decrease 
in plasma iodide appearance as well as with an increase in the biliary excretion 
of intact T3S to ",80% of the dose (RUTGERS et aL 1987). Therefore, the 
increase in plasma levels and biliary excretion of T3S from injected T3 in PTU
treated rats is explained by the inhibition of T3S deiodination by ID-I rather 
than an increase in T3 sulphation. 

We have developed an RIA for the measurement of T3S in serum 
(EELKMAN ROODA et aL 1988a). Although the T3S antiserum showed a rela
tively high specificity for T3S, its significant cross-reactivity with T3 and in 
particular T4 necessitated the separation of T3S from the non-conjugated hor
mones prior to the assay. RIA of serum T3S showed low but detectable levels 
in normal rats and markedly increased levels after treatment with PTU, but 
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not with methimazole, which does not inhibit ID-I (EELKMAN ROODA et al. 
1989a). Similar results were obtained in animals treated with the X-ray con
trast agent iopanoic acid (lOP), which also inhibits ID-I (EELKMAN ROODA 
et al. 1988b). 

Analysis of human serum with this RIA demonstrated that T3S levels 
in normal subjects were mostly undetectable «0.1 nmol/l) (EELKMAN ROODA 
et al. 1989b). Serum T3S just reached the lower limit of detection of the RIA 
in healthy volunteers treated with T3 (l,ug/kg body weight per day). Serum 
T3S in these T3-treated subjects showed a minimal increase after administra
tion of PTU but they were markedly elevated after administration of lOP 
(EELKMAN ROODA et al. 1989b). The effects of these drugs on serum T3S 
were strongly correlated with those on serum rT3, which is also largely 
cleared by type I deiodination. LOPRESTI et al. (1991) have reported on the 
extremely rapid clearance of circulating T3S in normal humans, which 
is inhibited moderately by PTU administration but markedly by lOP 
administration. Therefore, the increase in serum T3S observed after adminis
tration of PTU and especially lOP to T3-treated subjects appears to be due 
primarily to a decrease in T3S deiodination and not to an increase in T3S 
production. 

The groups of Wu and CHOPRA have been able to develop improved RIAs 
for serum T3S, which can be applied directly to ethanol extracts without 
further prepurification. In agreement with our findings, CHOPRA et al. (1992) 
showed that serum T3S levels are low in normal subjects «0.1 nmol/l), and that 
they increase significantly after treatment of patients with lOP. They further 
noted that the serum T3SIT3 ratio is decreased in hyperthyroid patients and 
strongly increased in hypothyroid patients and in patients with non-thyroidal 
illness (NTI). In addition, they found high T3S levels in fetal cord serum of 
healthy newborns. These findings may be explained by a low ID-I activity in 
hypothyroidism and NTI and during fetal development and an increased 
enzyme activity in the hyperthyroid state. The increased serum T3S in NTI 
may also be due to decreased hepatic reuptake of the conjugate. Therefore, 
these recent data demonstrate that also in humans serum T3S levels accumu
late to high levels if its deiodination by ID-I is impaired. 

After i.v. injection of [125I]T4 to normal rats, T4G was found to be the 
predominant radioactive compound in bile together with smaller amounts of 
T3G, rT3G and T4S (RUTGERS et al. 1989b). Treatment of rats with PTU 
resulted in a decrease in T3G excretion, reflecting the decreased T4 to T3 
conversion, and large increases in rT3G and T4S excretion, due to inhibited 
degradation of rT3 and T4S by ID-I. These findings suggested that sulphation 
is a significant pathway of hepatic T4 metabolism in rats, and that T4S is 
predominantly cleared by type I deiodination. However, serum radioactive 
T4S was undetectable even in PTU-treated rats (RUTGERS et al. 1989b). 

Using very sensitive and specific RIAs for T4S, Wu et al. (1992a) and 
CHOPRA et al. (1993) have recently reported on the measurement of low 
concentrations of T4S in human serum, i.e. 100 and 19pmol/l, respectively. 
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Compared with serum of normal adults, T4S levels were increased in human 
amniotic fluid and in fetal cord serum obtained at the time of delivery (Wu et 
al. 1992a; CHOPRA et al. 1993). Both groups observed an increase in serum T4S 
after administration of lOP to hyperthyroid patients. Together, these findings 
indicate that sulphation is a significant pathway for metabolism of T4 in hu
mans and rats, and that serum T4S accumulates in conditions associated with 
low ID-I activity. 

Wu et al. (1993a) have recently also reported on the measurement of rT3S 
in human serum using a newly developed RIA for this sulphoconjugate. Al
though rT3S concentrations were low in normal human subjects (mean 
40 pmolll) , and no significant changes were noted in hypothyroid, hyperthyroid 
or pregnant subjects, marked elevations were observed after administration of 
lOP to hyperthyroid patients (Wu et al. 1993a). Striking increases in rT3S 
levels were also observed in fetal cord serum relative to serum rT3S in adults 
(Wu et al. 1993a). Therefore, rT3 appears to be sulphated to some extent in 
humans, although this may be significant only if ID-I, the principal site of rT3 
and rT3S metabolism, is inhibited. 

Finally, the development of a specific RIA for 3,3'-T2S was recently re
ported by Wu et al. (1994). Serum T2S was undetectable in normal subjects, 
but significant T2S immunoreactivity was observed in cord serum and in the 
serum of pregnant women. However, high-performance liquid chromatogra
phy (HPLC) analysis demonstrated that only part of T2S immunoreactivity in 
cord serum represented authentic T2S. The remainder of the immunoreactivity 
in cord serum and all immunoreactivity in maternal serum was accounted for 
by a cross-reacting substance, termed compound W, which as yet has not been 
identified (Wu et al. 1994). 

Very high levels of T4S, T3S, rT3S and 3,3'-T2S have been measured in 
plasma, bile and meconium of fetal sheep as well as in the amniotic and 
allantoic fluids (Wu et al. 1992b, 1993b, 1995). This is explained by the low 
hepatic ID-I activity, which develops mostly after birth. However, kinetic 
studies suggest that not only the clearance of these sulphates is decreased in 
fetal sheep but also that their production is increased compared with neonatal 
sheep (POLK et al. 1994). 

IV. Possible Role of Iodothyronine Sulphation 

T3 is inactivated by sulphation; T3S does not bind to the T3 receptor and is 
devoid of thyromimetic activity in several systems (SPAULDING 1994; EVERTS et 
al. 1994b). Furthermore, T3S is rapidly degraded by ID-I. It has been postu
lated that T3 sulphation has an important function when ID-I activity is low, 
such as in hypothyroidism and during fetal development (SANTINI et al. 1992b). 
Under these conditions, T3S is not degraded in tissues which normally have 
high ID-I activity, while the hormone is also protected by sulphation against 
degradation by ID-III. Active T3 could then be recovered from T3S by 
sulphatases in tissues where hormone action is required (SANTINI et al. 1992b). 
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Desulphation of T3S in vivo has recently been observed after injection of the 
conjugate to hypothyroid rats (SANTINI et al. 1993). However, the exact bio
logical function of the different iodothyronine sulphates, in particular during 
fetal development, remains to be fully explored. 

G. Glucuronidation 
Glucuronidation is a major metabolic pathway for thyroid hormone in rats 
(VISSER 1994a), but much less is known about the importance of thyroid 
hormone glucuronidation in humans. In rats equilibrated with radioiodinated 
T4 or T3, roughly similar amounts of radioactivity are excreted as iodide in the 
urine and in the form of iodothyronines in the faeces (MORREALE DE ESCOBAR 
and ESCOBAR DEL REY 1967). The latter are mainly derived from the biliary 
excretion of glucuronides, which are subsequently hydrolysed in the intestine, 
although there is also evidence for direct secretion of thyroid hormone from 
the mesenteric veins into the intestinal lumen (DISTEFANO et al. 1993). Irre
spective of its origin, part of the non-conjugated hormone is reabsorbed from 
the intestine, and the remainder is excreted with the faeces (VISSER 1990). 
Intestinal hydrolysis of iodothyronine glucuronides is mediated largely by 
bacterial ,B-glucuronidases, since rats in which the intestinal microflora was 
eliminated with antibiotics excrete iodothyronines in the faeces largely as 
conjugates (RUTGERS et al. 1989a; DE HERDER et al. 1989). 

A large number of drugs and xenobiotics have been found to stimulate 
peripheral thyroid hormone metabolism due to the induction of iodothyronine 
UDP-glucuronyltransferase (UGT) activities (CURRAN and DEGROOT 1991). 
The resultant compensatory increase in thyroid function may lead to thyroid 
hyperplasia and after chronic treatment in rats even to thyroid neoplasia 
(MCCLAIN 1989). Inducers of hepatic thyroid hormone glucuronidation are 
classified as (1) polyaromatic and polyhalogenated aromatic compounds, such 
as 3-methylcholanthrene (MC), benzpyrene, polychlorobiphenyls (PCBs), di
oxin, a-naphtoflavone and hexachlorobenzene (HCB) (BEETSTRA et al. 1991; 
DE SANDRO et al. 1991, 1992; SAITO et al. 1991; BARTER and KLAASSEN 
1992a, 1992b; VAN RAAY et al. 1993; VISSER et al. 1993c); (2) the anticonvulsant 
drug phenobarbital (DE SANDRO 1991; MCCLAIN et al. 1989); (3) the 
hypolipidemic phenoxyisobutyrate (fibrate) derivatives clofibrate, ciprofibrate 
and nafenopine (KAISER et al. 1988; VISSER et al. 1991, 1993c), and other 
peroxisome proliferators, such as dehydroepiandrosterone (McINTOSH and 
BERDANIER 1992), polychlorinated paraffins (WYATT et al. 1993), 
perfluorodecanoic acid (LANGLEY and PILCHER 1985) and phthalates (HINTON 
et al. 1986); and (4) various other compounds, including pregnenolone-16a
carbonitrile (BARTER and KLAASSEN 1992a, 1992b), spironolactone (SEMLER et 
al. 1989), the leukotriene antagonist L-649,923 (SANDERS et al. 1988) and the 
cardiac inotropic drug OPC 8212 (LUEPRASITSAKUL et al. 1991). For reviews of 
the thyroid hormone glucuronidation pathway and its response to microsomal 
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enzyme inducers, the reader is referred to VISSER (1990) and CURRAN and 
DEGROOT (1991). 

I. Thyroid Hormone UDP-Glucuronyltransferases 

Previous work in our laboratory has suggested that at least three UGT isoen
zymes are involved with the glucuronidation of iodothyronines in rat liver 
(Table 4). This was based on the following findings: (1) parallel with an in
crease in phenol UGT activity, using p-nitrophenol (PNP) as substrate, he
patic T4 and rT3 UGT activities, but not T3 UGT activity, are strongly induced 
by treatment of rats with MC-type inducers (BEETSTRA et al. 1991; VAN RAAY 
et al. 1993; VISSER et al. 1993c); (2) parallel with an increase in bilirubin UGT 
activity, hepatic T4 and rT3 UGT activities, but not T3 UGT activity, are 
strongly induced by treatment of rats with clofibrate or ciprofibrate (VISSER et 
al. 1991, 1993c); (3) hepatic T4 and rT3 UGT activities, but not T3 UGT activity, 
are strongly decreased in Gunn rats which have a defect in the UGTl gene 
coding for multiple bilirubin and phenol UGTs (see below) (VISSER et al. 
1993b; EMI et al. 1995); and (4) relative to normal Wistar HA (high-activity) 
rats, T3 UGT activity, but not T4 and rT3 UGT activities, is strongly decreased 
in Wistar LA (low-activity), Fischer and WAG rats which have a defect in the 
gene coding for androsterone UGT (BEETSTRA et al. 1991; VAN RAAY et al. 
1993; VISSER et al. 1991, 1993b; HOMMA et al. 1992). These results, thus, suggest 
that T4 is predominantly glucuronidated in rat liver by both bilirubin UGT and 
phenol UGT, while T3 is primarily conjugated by androsterone UGT. This is 
supported by studies with V79 cell lines transfected with cDNA of different 
human UGT isoenzymes, showing significant glucuronidation of T4 and rT3, 
but not T3, by the bilirubin UGT HP3 as well as the phenol UGT HP4 (VISSER 
et al. 1993a). However, in contrast to the latter "bulky" phenol-preferring 
isoenzyme, little or no glucuronidation of iodothyronines was observed with 
the planar phenol-preferring isoenzyme HP1, which glucuronidates substrates 
such as PNP. Therefore, the parallel increase in iodothyronine and PNP UGT 
activities in response to MC-type inducers does not reflect the induction of a 
common enzyme but rather the simultaneous induction of different isoen-

Table 4. Characteristics of three types of iodothyronine 
UDP-glucuronyltransferases 

Type I II III 

hUGT HP3 HP4 ? 
Substrates Bili Phenols Andro 

rT3' T4 rT3, T4 T3 
Fibrates i '" 
MC inducers it 
LA, Fischer, WAG rats '" '" H 
Gunn rats H H 
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zymes, i.e. one for PNP (HP1-like) and one for iodothyronines (HP4-like) 
(VISSER et al. 1993c). 

Hepatic bilirubin UOT activity is increased and PNP UOT activity is 
decreased in thyroidectomized rats, and the opposite changes are observed in 
hyperthyroid animals (RoY CHOWDHURY et al. 1983; VAN STEENBERGEN et al. 
1989; MASMOUDI et al. 1996). At least two bilirubin UOTs and at least two 
phenol UOTs are encoded by the UGTl gene, a gene complex comprising 
multiple unique exons (exons I) and a set of four common exons (exons II-V) 
(EMI et al. 1995). Transcription may start at any of the different unique exons, 
each under control of its own promoter, yielding primary transcripts of varying 
length depending on the location of the relevant exon I in the UGTl gene. By 
differential splicing of these primary transcripts, multiple mRNA species are 
produced that each combine a unique exon I, coding for the substrate-binding 
domain, with the common exons II-V, coding for the cofactor-binding domain 
of the enzyme (OWENS and RITTER 1992; BURCHELL et al. 1994; EMI et al. 1995). 
An attractive explanation of the effects of thyroid status on bilirubin and PNP 
UOT activities is that the promoter of one or more bilirubin UOT-specific 
exons I is under negative control by the T3 receptor, whereas the promoter of 
one or more phenol UOT-specific exons I is under positive control by the T3 
receptor (MASMOUDI et al. 1996). Thyroid status has little effect on liver 
androsterone UOT activity in rats (VISSER et al. 1996). Considering the oppo
site effects of thyroid hormone on bilirubin and phenol UOT activities and the 
lack of effect on androsterone UOT activities, it is not surprising that hepatic 
UOT activities for T4 and T3 show little change in hypo- or hyperthyroid rats 
(VISSER et al. 1996). It should be mentioned that treatment of rats with 
methimazole results in a marked induction of a hepatic PNP UOT isoenzyme 
not involved with thyroid hormone glucuronidation, which is independent of 
the thyrostatic activity of methimazole (VISSER et al. 1996). 

II. Role of Thyroid Hormone Glucuronidation in Humans 

On the basis of the smaller proportion of hormone undergoing faecal excre
tion, it is generally assumed that glucuronidation is less important in humans 
(VISSER 1994a). This seems to be supported by the findings that UOT activities 
for T4 and especially T3 are much lower in human liver than in rat liver 
microsomes (VISSER et al. 1993a). However, type I deiodinase activity is also 
much lower in human than in rat liver (VISSER et al. 1988), although the 
enzyme is undoubtedly a prominent site for peripheral T4 to T3 conversion in 
humans. Furthermore, glucuronidation is not an irreversible pathway of thy
roid hormone metabolism, since biliary-excreted glucuronides are hydrolysed 
in the intestine and the liberated iodothyronines are partially reabsorbed 
(RUTGERS et al. 1989a; DE HERDER et al. 1989), and the efficiency of such an 
enterohepatic cycle may be greater in humans than in rats. Increased faecal 
loss may arise also in humans if this cycle is interrupted due to administration 
of drugs or gastrointestinal disease, which interfere with the deconjugation 
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and resorption processes (HAYS 1988). In addition, T4 glucuronidation may 
also be markedly increased in humans by the same drugs and xenobiotics 
which have been shown to induce T4 UGT activity in rats. 

Significant decreases in serum T4 and Ff4levels have been documented in 
patients treated with anticonvulsant drugs, in particular phenytoin and 
carbamazepine (ISOJARVI et al. 1992), or the antituberculosis drug rifampicin 
(OHNHAUS and STUDER 1983), while serum T3 and TSH levels are usually 
unchanged. Where this was studied, an increase in T 4 clearance was observed, 
in particular via the faecal route. These changes are compatible with the 
selective induction of hepatic T4 UGT activity, similar to observations in rats. 
Treatment of human subjects with such drugs even results in a significant 
increase in thyroid volume (HEGEDUS et al. 1985). Lowering of serum T4 would 
be most pronounced in subjects in whom the increased T4 disposal cannot be 
compensated by an increasedT4 secretion, e.g. in cases of (subclinical) thyroid 
failure, insufficient iodine intake or, in particular, T4 replacement therapy. 
However, the exact role of thyroid hormone glucuronidation in humans under 
different pathophysiological conditions remains to be established. 

III. Glucuronidation of Iodothyroacetic Acid Analogues 

Since there is evidence suggesting that the acetic acid metabolites T A3 and 
T A4 are rapidly cleared in rats and humans by glucuronidation, we have tested 
liver microsomes from both species for T A3 and T A4 UGT activities (MORENO 
et al. 1994). The results were quite remarkable with respect to both the rate 
and type of glucuronidation of these compounds. In rat liver, TA3 and TA4 
were glucuronidated at the phenolic hydroxyl group like the parent 
iodothyronines (Fig. 12), but at rates which were >40 times higher than 

human 
liver 
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HO OH I 
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Fig. 12. Glucuronidation of Triac (TA3) in human and rat liver 
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glucuronidation of T3 and T4 (MORENO et al. 1994). Even greater differences 
were found in human liver, where glucuronidation of TA3 and TA4 was ,.,600 
and 60 times faster than glucuronidation of T 3 and T 4, respectively (MORENO et 
al. 1994). Furthermore, unlike the stable ether glucuronides produced in rat 
liver microsomes, T A3 and T A4 were conjugated in human liver primarily at 
the carboxyl group to labile ester glucuronides (Fig. 12). In general, the latter 
conjugates (1) are rapidly hydrolysed, in particular under alkaline conditions, 
(2) undergo rearrangement by acyl migration to the 2, 3 and 4 position of the 
glucuronic acid moiety, and (3) form covalent adducts with proteins (SPAHN

LANGGUTH and BENET 1992). It could be speculated that the latter may contrib
ute to the formation of covalent, radioactive complexes with plasma proteins 
(so-called non-extractable iodine) after injection of labelled T4 or T3 in hu
manS (HAYS et al. 1980). 
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CHAPTER 5 

Thyroid Hormone Transport 
1.R. STOCKIGT, C-F. LIM, 1.W. BARLOW, and D.l. TOPLISS 

A. Introduction 
It is now over half a century since it was shown that circulating thyroid 
hormones bind non-covalently to plasma proteins (TREVORROW 1938). The 
identity of these binding proteins in various species, the relationship of the free 
and bound hormone fractions to biological activity, the diagnostic importance 
of total or free hormone measurements, and the effects of other ligands which 
compete for specific hormone-binding sites have been extensively studied. 
Numerous hereditary variations in the three major human thyroid hormone
binding proteins have been described (see REFETOFF 1989, 1994; BARTALENA 
1990,1994, for detailed reviews). In addition, the validity of the free hormone 
hypothesis, which holds that hormone delivery to tissues is a function of the 
free hormone concentration at equilibrium, has been extensively discussed 
(PARDRIDGE 1981; MENDEL 1989a; EKINS 1990). 

There is generally close correlation between the free hormone concentra
tion and the biological activity of thyroid hormones, with the bound compo
nent (more than 99% in the case of T4 and T3) having a fundamental reservoir 
function that serves to replenish the free concentration. The relationships 
between total and free T4 and T3 concentrations are shown in Table 1. The 
various bound moieties are in rapid equilibrium with the free hormone, and 
any tendency for the minute free concentration to fall as a result of tissue 
uptake or clearance is "buffered" by dissociation. In an autoradiographic 
study, MENDEL et al. (1987a) demonstrated much more even distribution of 
labelled T4 within perfused hepatic tissues in the presence of binding proteins 
than in buffer alone. In addition to their interaction with T4 and T3, the thyroid 
hormone-binding proteins have a high affinity for many natural and synthetic 
analogues of iodothyronines. Detailed studies of these interactions will not be 
reviewed here (see SNYDER et al. 1976; ROBBINS et al. 1978; ANDREA et al. 
1980). 

As emphasised by EKINS (1990), a valid in vitro measurement of the free 
T4 or free T3 concentration at equilibrium at 37°C does not imply that this 
concentration applies to all tissues, at all positions across the axes of capillar
ies, or at various points during tissue transit. In some instances, after extensive 
irreversible exit of free hormone from the circulation, the bound hormone 
may ultimately contribute substantially to the quantity of hormone that is 



120 J.R. STOCKIGT et al. 

Table 1. Relationship between total and free 
concentrations of thyroxine (T4) and triiodothyronine (T3) 
in normal human serum 

Total concentration nM 
Free concentration pM 
Unbound fraction 

60-140 
10-25 

1:3000-1:4000 

1.1-2.7 
3-8 

1:300-1:400 

* Higher values in childhood; probable minor decline in old 
age. 

taken up by the tissues. Because of differences in dissociation rate (MENDEL 
1989a), various protein-bound fractions can contribute disproportionately to 
the free hormone concentration under non-steady-state conditions during 
tissue transit. The studies of HILLIER (1971) demonstrate that the albumin
bound fraction, because of its more rapid dissociation, is likely to make a 
contribution greater than its proportional hormone carriage at equilibrium 
during tissue transit. Nevertheless, studies which inferred that the albumin
bound moiety was virtually as readily available as the free component 
(PARDRIDGE et al. 1981) appear to have.overestimated this effect (see MENDEL 
1989a). 

In the numerous types of hereditary binding abnormalities, it is notable 
that the free hormone concentration (when measured in vitro by fully vali
dated methods such as equilibrium dialysis) shows a high degree of inverse 
correlation with the plasma concentration of thyroid-stimulating hormone 
(TSH), which currently gives the best available objective index of thyroid 
hormone action. This relationship strongly supports the free hormone hypoth
esis, regardless of theoretical arguments as to its limitations. However, a rigid 
distinction between bound and free hormone moieties is perhaps of little 
relevance, in view of the estimate by HILLIER (1975) that hormone molecules 
from these two components are in rapid interchange up to several million 
times per day. 

B. Serum Binding in Humans 
The three major T4- and T3-binding proteins in human serum are thyroxine
binding globulin (TBG), transthyretin (TIR, prealbumin), and albumin 
(Table 2). Normally, about 70% of the circulating T4 is bound to TBG, 10%-
20% to TTR and 10%-20% to albumin (PRINCE and RAMSDEN 1977; ROBBINS 
and JOHNSON 1979). In defining the kinetics of protein carriage of thyroid 
hormones, it is important to distinguish between the dissociation constant (Kd 
expressed as Mil) or its reciprocal Ka (lIM), which define the free hormone 
concentration at which a particular binding site is half occupied, and the 
dissociation rate (expressed as tl12 , s) or the rate constant (sec-l ), which defines 
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Table 2. Approximate concentrations, occupancy and kinetics of thyroid hormone 
binding proteins in normal human serum at 37°C 

Protein Concentration Occupancy Proportion Dissociation Off rate 
M byT4 of T4 carried constant e/2 sec 

Kd M.L-1 

T4 T3 T. T3 

Thyroxine 3 x 10-7 30% 70% 10-10 2 x 10-9 20-40 5-10 
binding 
globulin 

Transthyretin 2 x 10-6 0.5% 10-20% 10-3 6 x 10-8 8 <2 

Albumin 6 x 10-4 <0.01% 10-20% 10-6* 10-5* <2 <1 

* Highest affinity site. 

Table 3. Known human variants of thyroid hormone binding proteins 

Protein Circulating concentration T4 binding affinity Number of variants 

TBO Undetectable 3 
Low Low 6 
Normal Normal 5 
Normal Undetectable 1 
High Normal 1 

TTR ? Normal Undetectable 1 
? Normal Low 5 
? Normal Normal 3 
Normal ? high Increased 3 

Albumin Normal Increased 1 
Undetectable 1 

Compiled from REFETOFF (1994) and BARTALENA (1994). 

the rate of unidirectional dissociation, or delivery, of hormone from that 
binding site. The former parameter describes an equilibrium between associa
tion and dissociation which, together with the number of binding sites, deter
mines the proportion of hormone carried on each of several classes of binding 
protein at equilibrium. The dissociation rate, a unidirectional maximum rate 
of hormone delivery, is relevant under non-steady-state conditions, as for 
example when free hormone is rapidly removed from the circulating compart
ment during tissue transit. The relationship between dissociation rate and 
tissue transit times determines whether the free hormone concentration will 
remain uniform at various tissue sites. Both Kd and dissociation rate are highly 
temperature dependent. Free T4 fraction is higher at 37°C than at room 
temperature by a factor of up to 2 (KORCEK and T ABACHNIK 1976), and disso
ciation is much faster (HILLIER 1975). 

Minor T4 binding has also been described to lipoproteins which may carry 
as much as 3% of the circulating T4 (BENVENGA et al. 1988; BENVENGA et al. 
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1993), but the significance of this fraction remains unclear. Gamma-globulin 
binding of T4 has been reported in some patients with autoimmune thyroid 
disease and may reflect thyroglobulin autoantibodies that cross-react with T3 
or T4 (BENVENGA et al. 1987). Such antibodies cause potent diagnostic artefacts 
in free hormone assays (BECK-PECCOZ et al. 1984; VYAS and WILKIN 1994) and 
may occasionally be important as binders of thyroid hormone in vivo (SAKATA 
et al. 1985). 

The numerous hereditary variants due to molecular changes in each of the 
three major binding proteins are summarised in Table 3. These variants have 
been extensively reviewed (REFETOFF 1994, SARAIVA 1995) and will be consid
ered only briefly here. 

I .. Thyroxine-Binding Globulin 

1. Normal Structure 

Thyroxine-binding globulin (TBG) is a single polypeptide chain a-globulin, 
with molecular weight of about 54kDa (REFETOFF 1989). Cloning and sequenc
ing of a cDNA for human TBG (FLINK et al. 1986) has shown that it is 
synthesised as a 415 amino acid protein. The first 20 amino acid residues of the 
TBG peptide are hydrophobic in nature and probably represent the signal 
peptide which is removed in the endoplasmic reticulum, leaving a mature 
protein of 395 amino acids as a single chain. This mature protein has a molecu
lar weight of 44180, in close agreement with the 45 kDa previously reported 
for non-glycosylated TBG (BARTALENA et al. 1984). There are five potential 
glycosylation sites, although only four are used, at amino acid residues 16, 79, 
145, and 391 (FLINK et al. 1986), giving an average of ten terminal sialic acid 
moieties. BARTALENA (1990), in evaluating the importance of the carbohydrate 
moieties of TBG, estimated that their principal influence was on protein half
life in blood, stability in vitro, and microheterogeneity on electrophoresis, with 
only minor effects on immunoreactivity and T4 binding. 

The amino acid sequence of human TBG shares a high degree of sequence 
homology with rat TBG (70%), human corticosteroid-binding globulin (CBG, 
55%) and the members of the serine protease inhibitor family (SERPINS), 
which includes a-antitrypsin (53% homology) and CXt-antichymotrypsin (58% 
homology) (FLINK et al. 1986; HAMMOND et al. 1987). The possible significance 
of the structural similarity between human TBG, CBG and the SERPINS 
remains unclear, since the hormone-binding proteins appear to be devoid of 
antiprotease activity. 

The normal concentration of human serum TBG measured by radioimmu
noassay is between 10 and 30mg/1 (0.2-0.6.uM). TBG is normally 20%-40% 
occupied by T4 and <1 % occupied by T3• Occupancy may increase markedly in 
hyperthyroidism, due to both an increase in total T4 and a decrease in TBG 
concentration, leading to a disproportionate rise in free T4 relative to the 
increase in total T4 (see below). 
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Before the advent of radioimmunoassay, the concentration of TBG was 
estimated from the maximum binding capacity of this protein for T4, based on 
the assumption of one T4-binding site on every TBG molecule. These esti
mates are in general agreement with subsequent direct assays. 

2. Inherited Variants 

Multiple inherited TBG variants, often designated geographically, can result 
in an increased TBG concentration or a partial or complete TBG deficiency in 
serum (Table 3). Of about 16 known X-linked TBG mutants, three cause 
complete TBG deficiency, while at least 6 other types result in a reduced 
affinity for T4, and are associated with subnormal serum TBG concentrations 
(REFETOFF 1994). In numerous instances, variants of TBG show increased or 
decreased heat lability in vitro. TBG deficiency (complete or partial) has been 
attributed to a single amino acid deletion or double amino acid substitution 
which may lead to frame shift and premature termination of the protein 
(REFETOFF 1994). In the face of total TBG deficiency, the concentration of 
total T4 is about 25nM, with normal free T4 and TSH, suggesting that normal 
thyroid hormone regulation can occur in the complete absence of the major 
circulating binding protein. 

Alterations in serum TBG concentrations may result from either altered 
synthesis or degradation related to the primary amino acid sequence, or to the 
glycosylation of the secreted protein. As emphasised by REFETOFF (1994), 
intracellular retention and breakdown of defective TBG molecules, rather 
than extracellular degradation, is usually the cause of low serum concentra
tions. Diminished TBG binding of T4 is especially prevalent in some ethnic 
groups, for example among Australian aborigines, up to 30% of whom have 
low serum total T4 concentrations associated with subnormal serum concen
trations of an abnormally heat-labile TBG (MURATA et al. 1985) that shows 
subnormal affinity for T4 (MOHR et al. 1987). Of particular interest is a recently 
described variant TBG with normal physical and electrophoretic properties 
and normal serum concentration, but negligible binding affinity for T4 
(JANSSEN et al. 1994). 

The binding of T4 to TBG from patients with inherited X-linked TBG 
excess is indistinguishable from the common type of TBG. In some cases at 
least, the excess is due to gene duplication (MORI et al. 1995). In general, each 
of the various methods for serum free T4 estimation, as well as binding correc
tions based on Truptake measurements, give a useful semiquantitative correc
tion for TBG abnormalities, whether hereditary or acquired. 

3. Acquired Variants 

Acquired variations in TBG concentrations have been attributed to patho
physiological, environmental and nutritional factors and to drug effects (Table 
4). The molecular mechanisms responsible for the effect of numerous drugs 
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Table 4. Drug effects on serum TBG concentrations 

Increase 

Decrease 

Oestrogens 
Tamoxifen 
Heroin 
Methadone 
5-fiuouracil 
Perphenazine 
Clofibrate 
Mitotane 

Thyroid hormone excess 
Androgens, anabolic steroids 
Glucocorticoids 
L-asparaginase 
Interleukin-6 

(e.g. androgen, clofibrate, perphenazine) and pathological conditions (such as 
oat cell carcinoma) remain unresolved (BARTALENA 1993). 

The commonest acquired change in TBG is an increase in concentration 
due to exogenous or endogenous oestrogen excess. Increases in total T4 and T3 
are associated with increased concentrations of TBG that show a greater 
proportion of bands with anodal mobility on isoelectric focusing, due to in
crease in sialic acid content of the side chains (AIN et al. 1987). Reduced TBG 
degradation rate due to oligosaccharide modification appears to be the major 
mechanism of oestrogen-induced TBG excess (AIN et al. 1988). 

Concentrations of TBG correlate inversely with thyroid hormone levels 
in human hyper- and hypothyroidism (KONNO 1985), and in experimental 
primate studies (GUNOER et al. 1979). Using human hepatocytes in culture, 
CROWE et al. (1995) showed a T3-induced decrease in TBG secretion into the 
cell medium, with concordant changes in mRNA. In humans, serum TBG 
concentrations are decreased by glucocorticoid excess (OPPENHEIMER and 
WERNER 1966). Adrenalectomy in rats increases serum binding-capacity and 
increases hepatic TBG mRNA levels (EMERSON et al. 1993). 

Unlike human TBG, rat TBG is strongly repressed during adult life but 
actively expressed during postnatal development (SAVU et al. 1987), in senes
cence (SAVU et al. 1991), and in the face of malnutrition (ROUAZE-ROMET et al. 
1992) and hypothyroidism (VRANCKX et al. 1990). 

ll. Transthyretin 

1. Normal Structure 

Transthyretin (TIR, thyroxine-binding prealbumin; previously known as 
prealbumin), a protein of approximately 55kDa which circulates in the serum 
of a wide range of vertebrates (RICHARDSON et al. 1994), is a tetramer consist
ing of four identical polypeptide chains held together by non-covalent bonds. 
The tetrameric structure of TTR is symmetrical about a central cavity which 
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completely penetrates the molecule. There are two T4-binding sites on TTR, 
one at each end of the central cavity (FERGUSON et al. 1975; ROBBINS et al. 
1978), which display the phenomenon of negative cooperativity in which the 
binding ofT4 at one site inhibits T4 binding at the other (FERGUSON et al.1975). 
However, this phenomenon is probably of little physiological significance 
because it has been demonstrated only at unphysiologically high free T4 
concentrations. 

The normal serum concentration of TTR is in the range of 100-400mg/1 
(2-8f.lM). TTR is a negative acute-phase reactant and its serum concentration 
decreases rapidly during acute illness or malnutrition as a result of reduced 
hepatic synthesis (SCHREIBER 1987). At normal concentrations, TTR is <1 % 
occupied by T4, with an affinity for T4 and a rate of dissociation intermediate 
between TBG and albumin (Table 1). The des amino analogues of T3 and T4, 
triiodothyroacetic acid and tetraiodothyroacetic acid, generally have higher 
affinity for TTR than their parent compounds (ANDREA et al. 1980). 

In absolute terms, the liver is the principal site of synthesis of TTR 
(JORNVALL et al. 1981; DICKSON et al. 1982), but the choroid plexus (SCHREIBER 
et al. 1990) and the pancreatic islets (JACOBSSON et al. 1990) are additional sites 
of TTR synthesis. In evolutionary terms, TTR synthesis at the choroid plexus 
precedes the ontogeny of TTR synthesis in the liver (RICHARDSON et al. 1994). 
It is of interest that the T4-binding domain of TTR appears to have been 
conserved over the past 350 million years (RICHARDSON et al. 1994). 

An unusual feature of TTR is that it also binds retinol-binding protein, the 
carrier of vitamin A. Each TTR molecule is able to bind four molecules of 
retinol-binding protein, but only one molecule of retinol-binding protein is 
normally complexed with one molecule ofTTR (HELLER and HOROWITZ 1974). 
The binding sites for T4 and retinol-binding protein on TTR are separate, and 
while there is no evidence that T4 affects retinol binding, a recent study 
suggests that retinol can impair T4 binding to TTR (SMITH et al. 1994). 

2. Inherited Variants 

Numerous TTR variants characterised by single amino acid substitutions have 
been described in man, many of which have been found in patients with 
familial amyloidosis (see SARAIVA 1995 for review). Complete deficiency of 
TTR has never been described in man, suggesting that a deficiency of this 
protein might be lethal. However, a line of transthyretin-null mice produced 
by gene knock-out show no obvious abnormality of thyroid hormone metabo
lism or action (PALHA et al. 1994). 

It is notable that increased binding of T4 to the [Thr109]TTR variant 
(MOSES et al. 1990) can give rise to mild hyperthyroxinaemia, with a raised 
total concentration of T4 of 160-200nM (MOSES et al. 1982; LALLOZ et al. 
1984). Kinetic studies with this variant protein show a T4-binding affinity about 
sevenfold higher than the normal TTR (LALLOZ et al. 1984). In the face of 
normal TBG and albumin concentrations, this variant TTR probably binds 
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about 50% of circulating T4 in euthyroid subjects. The [Met119] variant of TTR 
has been shown to have about double normal affinity for T4, but total T4 is 
usually not outside the reference range (CURTIS et al. 1994). 

Of at least 30 mutations described for TTR, many have now been exam
ined for T4 affinity. In a study comparing the interaction of T4 with ten differ
ent naturally occurring human TTR variants, a wide spectrum of T4 affinities 
was observed (ROSEN et al. 1993). Relative to the wild-type TTR, three show 
increased affinity for T4, one [Thr109] of sufficient affinity to cause euthyroid 
hyperthyroxinaemia, while three have approximately normal affinity, and five 
TTR variants show reduced affinity for T4 (BARTALENA 1994). 

III. Albumin 

1. Normal Structure 

As well as being the principal carrier of numerous hydrophobic compounds in 
serum, albumin also binds T4 in its region 2, which is shared with ligands such 
as D- and L-tryptophan, octanoate, chlorazepate,p-iodobenzoate, and chloride 
ion (KRAGH-HANSEN 1981). A non-glycoprotein, with a carbohydrate content 
of less than 0.05% in normal plasma (PETERS 1985), albumin normally carries 
10%-20% of circulating T4 (Table 2), and has one moderate affinity binding 
site in region 2 and numerous sites of lower affinity that are probably of little 
physiological relevance. 

Human serum albumin, a highly conserved 66-kDa protein (PETERS 1985), 
has a molar concentration of approximately 600 J1M, corresponding to about 
40g/l. The proportion of albumin occupied by T4 is less than 0.002%. Such 
low occupancy dictates that other ligands that bind to this region will have 
a negligible direct influence on T4 binding. The importance of albumin as a 
determinant of T4 binding, in vivo and in vitro, relates not to direct hormone 
carriage, but to its role in determining the free concentration of other ligands 
that compete for T4 binding to TBG (see below). 

2. Inherited Variants 

Hyperthyroxinaemia can result from a variant albumin with increased affinity 
for T4, the total albumin concentration being unchanged. In this disorder, now 
termed familial dysalbuminaemic hyperthyroxinaemia (FDH), the total T4 
concentration in affected individuals is about 200nM (HENNEMANN et al. 1979; 
STOCKIGT et al. 1981a). Scatchard analysis of albumin binding showed two T4-
binding sites on the variant molecule, a normal site with Kd 4.3 J1M and an 
abnormal site with 50- to 100-fold higher affinity, Kd 52nM (DOCTER et al. 1981; 
BARLOW et al. 1982). The capacity of the higher affinity T4-binding site was 
approximately 200 J1M, suggesting that relative to the molar concentration of 
albumin, at least one-third of the albumin molecule appears to contain the 
extra binding site. Based on its affinity and capacity, the additional site binds 
about 50% (i.e. 100nM) of the total circulating T4 (200nM), thus accounting 
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for the observed hyperthyroxinaemia (BARLOW et al. 1982). Some studies 
suggest that this component is also present in trace quantities in normal serum 
(DOCTER et al. 1984). This variant is due to an Arg-His substitution at position 
218 of the human albumin molecule (PETERSEN et al. 1994). A recent study 
reported that the recombinant mutant protein has a T4 affinity 65-fold greater 
than normal (PETERSEN et al. 1995), similar to the affinity reported for the 
natural protein more than a decade before (BARLOW et al. 1982). 

In FDH, because of a markedly increased affinity of the variant protein for 
numerous T4-analogue tracers as well as T4 itself, serum total T4 and free T4 
index values and free T4 measured by analogue-based methods give results 
suggestive of hyperthyroidism. In contrast, serum total T3, free T3 and TSH 
values, and free T4 measured by valid methods are normal (STOCKIGT et al. 
1983). As in other binding variations that show enhanced affinity or capacity, 
the increased concentration of total circulating T4 appears to be an appropriate 
response in the face of increased T4 binding so as to maintain a normal free T4 
concentration. 

Only a few cases of total hereditary analbuminaemia have been described 
in man, but in a report of one kindred (KALLEE 1996) there was evidence of 
mild TSH excess, consistent with impaired thyroid hormone delivery. In con
trast, the Nagase strain of analbuminaemic rat showed no evidence of any 
abnormality of thyroid hormone action or distribution (MENDEL et al. 1989b). 

IV. Thyroxine Binding in Other Vertebrates 

Plasma binding of thyroid hormones shows widespread variation between 
species. Comparative studies have been hampered by the conventional classi
fication of binding proteins mainly on the basis of their electrophoretic mobil
ity, rather than functional binding properties. As noted by LARSSON et al. 
1985), a protein with the binding characteristics of TTR may not migrate in a 
pre-albumin position. In many non-human species, concentrations of binding 
proteins, particularly TBG, have been shown to vary widely during develop
ment or reproductive cycle, in response to food intake and seasonal cycles 
(VRANKX et al. 1994; SAVU et al. 1987). 

In contrast to humans and other eutherians such as horse, goat, and sheep, 
in which TBG is the dominant binding protein, many vertebrate species show 
highly variable binding. On the basis of extensive studies of the functional 
rather than electrophoretic properties of T4-binding proteins in 15 vertebrate 
species, LARSSON et al. (1985) suggested that TTR might be present in the 
serum of all vertebrates, but that inference is now in doubt. In other studies, 
binding ofT4 by both TTR and albumin was observed in avian species (chicken 
duck, goose, and ostrich), and the diprotodont marsupials (kangaroo, wallaby, 
possum, wombat, and koala), but TTR could not be identified in the blood of 
fish, toads, reptiles, monotremes, or Australian polyprotodont marsupials 
(RICHARDSON et al. 1994). The free concentration of thyroid hormone showed 
much less variation between species than the total concentration (REFETOFF et 
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al. 1970), in general agreement with the free hormone hypothesis of thyroid 
hormone delivery. 

v. Role of Binding Proteins 

The probable physiological importance of binding proteins has been inferred 
autoradiographically by MENDEL et al. (1987a). When rat hepatic lobules were 
perfused with [125I]T 4 in the absence of protein, virtually all of the T 4 was taken 
up by the periportal cells. With either 4 % human serum albumin alone, or 
human serum, the labelled hormone was taken up uniformly by all cells within 
the lobule. When oleic acid was added to albumin at concentrations that 
displaced T4, the redistributive effect of albumin was eliminated, although 
oleic acid did not have this effect with whole serum, where T4 would be carried 
predominantly on TBG and TTR. This finding suggests that circulating bind
ing proteins facilitate uniform distribution of T4 within tissues. 

It is notable that the normal free concentration of T4 is close to its Kd for 
TBG; at half occupancy of the protein this relationship favours effective 
"buffering" of the free T4 concentration as total T4 changes. However, since 
the free concentration of T 3 is several orders of magnitude lower than its Kd for 
TBG, this stabilising effect will be less effective for T3• With marked increases 
in total T4, the corresponding increase in free T4 becomes amplified as the 
occupancy of TBG approaches or exceeds its capacity (ROBBINS and JOHNSON 
1982). 

Additional possible functions of thyroid hormone-binding proteins in
clude protection from iodine depletion due to urinary loss of hormone and 
provision of a large extrathyroidal pool of preformed hormone. It has not been 
established that thyroid hormone-binding proteins have a role in targeted 
hormone delivery via receptors specific for these proteins, as has been sug
gested for CBG (ROSNER 1990) and TTR (DIVINO and SCHUSSLER 1990). Nota
bly, MENDEL and WEISIGER (1990) found no evidence that T4-binding proteins, 
either human or rat, facilitated the uptake of T4 perfused by rat liver. 

Paradoxically, the highest levels of TBG in rats are associated with the 
lowest total serum of levels of thyroid hormone through the life cycle (SAVU 
et al. 1991), for example in response to nutritional deprivation, or in 
hypothyroidism (VRANCKX et al. 1994), thus further tending to lower the free 
hormone concentration at these times. 

c. Binding Kinetics 
I. Binding Kinetics, Capacity and Affinity 

Thyroid hormone-binding sites merit detailed investigation, either as isolated 
proteins or in mixed biological fluids, for a number of reasons. First, alterna
tions in serum binding may cause diagnostically confusing changes in total 
circulating or apparent free hormone levels. Second, hormone delivery to 
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tissues may be altered by changes in binding proteins. Third, it may be pos
sible, using serum-binding sites as a model, to develop competitors that inter
act with specific tissue-binding sites as hormone agonists or antagonists. 

The analysis that follows will show how knowledge of the relationships 
between binding affinity, binding capacity, sample dilution, and hormone ad
dition in vitro can be used to: (1) characterise a specific high-affinity binding 
protein in a heterogeneous system or mixed biological fluid, (2) establish 
a highly sensitive assay for the minute amounts of TBG secreted by cul
tured hepatocytes, and (3) develop simple diagnostic tests for hereditary high
capacity binding abnormalities. 

First, it is relevant to question and refute the widely held assumption 
that sample dilution has little influence on the distribution, or proportional 
carriage, of a ligand among multiple sites that differ widely in affinity and 
capacity. 

The interaction of a ligand with a single binding site is an equilibrium 
reaction that obeys the law of mass action. Concentrations of bound and free 
hormone are directly related: 

(1) 

Where B is the concentration of bound hormone, Ka is a temperature
dependent constant, F is the concentration of free hormone, Ro - B is the 
concentration of unoccupied binding sites, and Ro is the total number of sites. 
By definition, a binding protein is 50% occupied when F is the inverse of Ka. 
If the total number of binding sites is fixed, the degree of occupancy at any 
given F is dependent on the affinity, Ka. It is notable that no part of the above 
equation contains the total hormone concentration (although in practice many 
binding reactions are expressed as a function of the total hormone concentra
tion, particularly for radioimmunoassays and studies of serum binding). 

In any equilibrium binding reaction, there will be a sigmoidal relationship 
between the fraction of bound hormone (BIT) and the concentration of bind
ing sites at any given fixed concentration of free ligand (Fig. 1). For optimal 
characterisation of any binding site, its concentration should be chosen to 
allow the greatest fluctuation in BIT with changes in free hormone. For a value 
of about 50% BIT, the concentration of binding sites that allows optimal 
quantitation can be estimated by rearranging the mass action equation: 

Ro = BI F . Kd + B 

At 50% BIT, B=F=Kd andRo =2Kd 

(2) 

(3) 

(4) 

That is, changes in BIT are analytically optimal when the concentration of a 
binding site is approximately double the K d• In this way a solution containing 
multiple binding sites of sufficiently different affinities can be adjusted by 
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Fig. 1. Calculated changes in hormone binding (BIT) wth variable concentrations of a 
binding site of Kd 1 nM at constant free hormone concentrations of 0.1 nM (_), 1 nM 
(e), lOnM (.), and 100nM (T). Measured changes in binding are greatest when the 
concentration of binding sites is approximately twice the free hormone concentration 
as designated by the arrow. At higher or lower binding site concentrations, responses in 
BIT become progressively obscured 

dilution to give the desired 50% BIT for each site. At the relevant dilution for 
one site, others may be virtually unoccupied or almost saturated, depending on 
their relative affinities, and will have little influence on BIT with changes in F. 
Thus, high-affinity binding can be "dissected" from low-affinity sites at high 
dilution; conversely, low-affinity binding is best examined with little dilution, 
if necessary by increasing the free hormone concentration with labelled or 
unlabelled preparations. 

From the affinity and capacity of each major T4-binding protein, as 
summarised in Table 2, occupancy and proportional ligand carriage can be 
adjusted by dilution and/or hormone addition so that other binding proteins 
with higher or lower affinities make little contribution to total binding. For 
example, at a serum dilution of 1: 4000, chosen so that approximately half the 
total T4 (-lOpM with total concentration -20pM) is bound to TBG, only a 
small proportion is bound to each of the lower affinity proteins. 

Conversely, if the endogenous hormone is raised markedly and binding is 
studied at 1: 100 dilution, both TBG and TTR are virtually saturated and 
contribute less than 1 % to measured BIT. Under these conditions, fluctuations 
in BIT reflect predominantly changes in T4 binding to albumin (Fig. 2). 

The above calculations assume that the separation of bound and free 
hormone at equilibrium is instantaneous and perfect, but this is unlikely for 
any physical separation, especially for low-affinity binding where rapidly dis
sociating ligand is adsorbed by a non-specific matrix (MUNRO et al. 1989). 
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Fig. 2. Calculated effect of hormone addition on proportional occupancy of serum 
binding proteins in vivo. In normal human serum with total T4 97 nM and free T4 20 pM, 
the hormone is bound in the proportions TBG (69%), TIR (18%), and albumin (13%). 
Addition of hormone to raise the free level by tenfold increments progressively accen
tuates proportional hormone carriage on lower affinity sites 

Hence, such abbreviated separation systems give a qualitative rather than 
quantitative estimate of low-affinity binding. In studies of high-affinity binding 
sites, the contribution of low-affinity binding sites can be further diminished or 
eliminated by inclusion of a competitor which saturates a particular binding 
site. For example, when TBG binding is measured in diluted serum, the 
contribution of TTR can be reduced to a negligible fraction by the use of 
barbitone, which inhibits T4 binding to TTR (INGBAR 1963). 

II. Characterisation of High-Capacity, Low-Affinity Binding 

The abnormal high-capacity T4-binding site of FDH can be identified simply 
and specifically by examining T4 binding at 4°C in serum diluted 1: 100 in the 
presence of WOO-fold excess of unlabelled T4, using dextran-charcoal separa
tion (STOCKIGT et al. 1986). At an intermediate 50-fold excess of unlabelled T4, 
the binding abnormality due to the [Thr109]TTR variant can be distinguished 
from TBG excess and FDH (Fig. 3). Low temperature and immediate centrifu
gation after charcoal addition are important because of the rapid off-rate of 
lower affinity T4-binding sites. A similar approach was used by REFETOFF et al. 
(1986) to compare the T4 affinity of normal and variant TTR in diluted whole 
serum. By conventional Scatchard analysis, they were able to make compari
sons of TTR affinity by considering only points with a bound/free ratio <1, 
which occurred with total T4 > 150nM at serum dilution 1 :40, representing 
about a 50-fold excess over endogenous T4. 
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Fig. 3. Effect of prowessive increase in the concentration of unlabelled T4 on dextran
charcoal uptake of [ 25I]T4 in sera from normal subjects and those with TBG excess, 
transthyretin-associated hyperthyroxinaemia (TAH), and familial dysalbuminaemic 
hyperthyroxinaemia (FDH). The serum samples were diluted 1: 100 in phosphate 
buffer, 0.04mmolll, pH 7.4, giving an endogenous T4 concentration of 1-2nM. When 
total T4 is lO00-fold in excess, FDH serum shows a unique persistence in T4 binding, 
consistent with an increased T4 affinity for albumin. TAH was identified at an interme
diate hormone load. Inhibition of binding is shown by an increase in the percentage of 
free P25I]T4 

III. Specific Characterisation of TBG Binding 

For studies of drug competition for T4 binding to TBG, it was relevant to use 
a TBG-specific assay with the unmodified serum protein without the potential 
artefacts introduced by isolation and purification. Such a system required high 
serum dilution and very low ligand concentration. The TBG specificity of T4 
binding in serum diluted 1: 10000 with a concentration of [125I]T4 of about 
10-11 M, with immediate dextran-charcoal separation at 4°C, was shown by: (1) 
lack of detectable T4 binding in sera with total deficiency of TBG, (2) neg
ligible binding after addition of 10-9 M unlabelled T4 (300-fold excess at this 
dilution), and (3) Scatchard analysis of T4 binding in normal sera, showing a 
single site with Kd 1.6 x 10-11 Mil and capacity of about 3 x 10-7 Mil (MOHR et al. 
1987; MUNRO et al. 1989). Further, it could be shown that equivalent concen
trations of TTR or albumin gave negligible binding in this system (Fig. 4). 

IV. Assay of TBG 

Using the principle described above, CROWE et al. (1995) were able to develop 
a TBG assay that could detect <10-11 M protein, about 100-fold more sensitive 
than standard serum radioimmunoassays. The method gave precise measure
ment of the minute amounts of TBG secreted by cultured cells, and could 
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Fig. 4. Estimates of binding of C25I]T4 (<10-11 M) using dextran-charcoal separation 
(4°C) at various dilutions of serum (top), and at equivalent concentrations of purified 
transthyretin (middle) or albumin (lower). At 1: 10000 dilution of normal serum, 40%-
50% of tracer T4 is bound; transthyretin, 0.05,ug/ml, and albumin, 0.004mg/ml, make a 
negligible contribution to binding 

quantitate the downregulation of TBG secretion by physiological concentra
tions of T3• 

D. Free Hormone Measurement 
There have been many approaches to the diagnostic measurement of the free, 
or active hormone concentration in serum, with much debate about the theo
retical basis, practical utility, and validity of these methods (EKINS 1990). 
Although most free T4 methods are a diagnostic improvement on total hor
mone values, which are influenced by the concentration of binding protein was 
well as by thyroid status, all are flawed in some respect. No current method 
directly measures the free hormone concentration in undisturbed, undiluted 
serum under physiological conditions. A classification of these methods is 
shown in Table 5. In view of the indirect nature of routine free T4 methods, it 
is crucial that definitive measurements of total T4 (and T3) and of hormone
binding parameters be retained as reference methods that can be used to 
evaluate any free T4 estimates that appear to be anomalous. 

A distinction can be made between techniques that estimate the free 
hormone concentration in a fraction of serum, isolated by a procedure such as 
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Table 5. Summary of free T 4 methods 

Method 

Dialysis 
Indirect 
Direct 
Symmetric 

Ultrafiltration 
Indirect 
Direct 

Gelfitration 

Adsorption 

Free hormone 
immunoassays 

Analogue tracer methods 

Limitations: 

Quantitation 

Distribution of [1251]_ T 4 
RIA ofT4 
Transit rate of e251]-T4 

Distribution of [1251]_ T 4 
RIA ofT4 

Distribution of [125I]_T4, 

Distribution of [125I]_T4, 

[ 125I]_T4 binding to solid phase 
antibody 

Back titration of labelled antibody 
to solid phase antigen 

Labelled T 4 analogue binding to 
solid phase 

1. Radiochemical purity of [125I]_T4. 
2. Dilution of competitor into dialysate. 
3. Sensitivity limited by antibody affinity. 
4. Valid over limited range of dilutions only. 
5. Shallow dose-response. 
6. Variations in protein binding of labelled analogue tracer. 

Limitations 

1,2 
2,3 
1 

1 
3 

1,4 

1,4 

3 

3,5 

6 

dialysis or ultrafiltration - the so-called direct methods - and the indirect 
methods that use the distribution of labelled hormone between bound and 
unbound phases to measure a free fraction, which is then used to calculate the 
free concentration from the total hormone value. Among the direct methods, 
those that isolate a fraction of the free T4 pool (or some component directly 
related to it) from the binding proteins before the T4 assay is performed tend 
to give valid T4 estimates, while many one-step methods that attempt to 
measure free hormone in the presence of binding proteins are invalid if sample 
and standard differ in their binding of assay tracer (EKINS 1990). Although 
equilibrium dialysis is widely quoted as the "gold standard" for free T4 mea
surement, this method is also subject to methodological errors, as summarised 
below. 

To evaluate a free T4 method critically, an assessment of serial dilutions of 
normal serum should be made. Many abbreviated methods show a rapid fall in 
apparent free T4 concentration, suggesting that a component larger than true 
free T4 is being measured (see below). Each method should also be tested in 
the full range of known binding protein abnormalities, in the presence of 
competitors of hormone binding, and in critically ill subjects who frequently 
show method-dependent anomalies of apparent free T4 concentration. In gen
eral, two-step free T4 methods that isolate a fraction of the T4 pool from 
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binding proteins tend to give high values in critical illness (possibly due to an 
in vitro effect of heparin - see below), while the one-step or analogue tracer 
methods generally tend to give falsely low free T4 estimates (KAPTEIN 1994). 

I. Factors Influencing Validity 

1. Radiochemical Purity 

Radiochemical purity is crucial whenever labelled hormone is used as a 
marker. In some systems, for example, equilibrium dialysis or ultrafiltration of 
undiluted serum, as little as 0.1 % free [1251] as iodide can lead to a 5- to lO-fold 
overestimate of the free hormone fraction. Hence, the radioactivity in each 
sample needs to be fractionated after separation by a procedure such as 
magnesium precipitation (STERLING and BRENNER 1966) or chromatography 
(SURKS et al. 1988) to separate authentic labelled hormone from contaminants. 

2. Protein-Tracer Interactions 

In some systems, such as the unbound analogue free T4 assays (EKINS 1990), 
the labelled compound equilibrates with pools of T4 other than the free hor
mone. Such assays depend on the assumption that a labelled T4 analogue that 
binds to a T4 antibody, but does not interact with serum T4-binding proteins, 
will show antibody binding inversely proportional to free T4 • It is now clear 
that these labelled T4 analogues do in fact interact with serum proteins, par
ticularly albumin (EKINS 1990). If this interaction is identical in sample and 
standard, a useful free T4 estimate can still be made. However, if the labelled 
analogue is protein bound to a greater extent in the sample than in the 
standard serum, less tracer is available to compete for the assay antibody, 
giving a falsely high free T4 estimate, as in FDH (STOCKIGT et al. 1981b) and in 
the presence of iodothyronine-binding immunoglobulins (BECK PECCOZ et al. 
1984). Conversely, if binding of labelled analogue is less in the sample than in 
the standard serum (e.g. lower sample albumin concentration, or occupancy of 
albumin by some other ligand, such as oleic acid), the results are falsely low 
(STOCKIGT et al. 1983). 

3. Dilution Effects 

Mass action dictates that dissociation of a bound ligand occurs with progres
sive sample dilution, so that its free concentration shows little decrease until 
the reservoir of bound ligand starts to become depleted. After dilution beyond 
the point where about 30% of bound ligand has dissociated, the free hormone 
concentration falls steeply; in human serum, this begins to occur at serum 
dilutions of greater than 1: 100 for T4• If, as is the case with many commercial 
assays, the free T4 estimate decreases with dilution to a greater extent than is 
compatible with the mass action law, the method is in fact measuring a compo
nent larger than the true free fraction (i.e. the tracer is mixing with, interacting 
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with, or "sampling from", a component other than free T4)' The correlation 
with true free T4 may remain close if sample and standards show identical 
artefacts. 

4. Other Factors 

Few free T4 assays properly reflect the effect of binding competitors (see 
below). The effect of competitors is generally underestimated, the error being 
greatest in the assays with the highest sample dilution. 

Assay sensitivity may be the limiting factor in direct radioimmunoassays 
of free hormone that have been separated from undiluted serum by dialysis or 
ultrafiltration. Such assays require a specific antibody of extremely high affin
ity to achieve acceptable precision (NELSON and TOMEI 1988). 

While hormone binding in vivo relates to 37°C, many assays are equili
brated at room temperature. Results may then be biased in samples with 
anomalous TBG concentrations because of temperature-dependent differ
ences in hormone dissociation between samples and the matrix used for assay 
standards (VAN DER SLUIS VEER 1992). 

II. Non-isotopic Free T4 Methods 

Techniques that use non-radioactive detection systems do not overcome the 
problems inherent in isotopic free T4 measurement. A detailed comparison of 
chemiluminometric and fluorometric free T4 assays with radioimmunoassays 
in a large group of normal subjects and hyperthyroid, hypothyroid, pregnant, 
renal failure, intensive care, and heparin-treated patients showed that various 
non-isotopic and isotopic procedures had similar strengths and limitations 
(PERDRISOT 1989). Problems of non-specific fluorescence have been identified 
in renal failure (LAW et al. 1988). 

III. Thyroid Hormone-Binding Ratio 

A special example of a two-step method is the classical serum free T4 index 
(CLARK and HORN 1965), computed from the serum T4 value and the thyroid 
hormone-binding ratio (THBR) (LARSEN et al. 1987). The latter estimates the 
number of unoccupied serum-binding sites, based on distribution of tracer 
between diluted serum and a solid phase, such as resin, talc, or charcoal. This 
THBR value, relative to normal serum, is multiplied by the serum total T 4 (or 
T3) concentration to yield the free T4 (or free T3) index. Proper use of the 
THBR requires that the calculation be made as matrix/serum, rather than as 
matrix/total counts, to improve the correction for very high and very low TBG 
concentrations (LARSEN et al. 1987). This method is a useful correction for 
variations in TBG, but fails to correct for abnormalities of iodothyronine 
binding to transthyretin, albumin, or autoantibodies. 
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E. Interactions with Competitors 
In contrast to binding proteins for corticosteroids, vitamin D, or sex hormones, 
which are highly specific for a single family of ligands, the iodothyronine
binding proteins show extensive cross-reactivity with unrelated hydrophobic 
ligands, such as non-esterified fatty acids (NEFA) and various drugs (Table 6). 
These effects can lead to diagnostically confusing test results and could also 
influence hormone delivery to tissues. Because each of these agents is itself 
highly bound to albumin, it is difficult to distinguish relevant from physiologi
cally irrelevant competition in experimental systems where the albumin con
centration is low, or where the sample has been diluted. 

Hormone binding is often studied by examining displacement of labelled 
hormone from an isolated binding protein, using the unlabelled hormone as 
reference. Relative to T4, the affinities of important drug competitors for TBG 
range from three orders of magnitude less (frusemide) to almost seven orders 
of magnitude less than T4 itself, as in the case of aspirin (MUNRO et al. 1989). 
However, such direct studies do not reflect what happens in vivo, because they 
ignore the fact that competitor potency is a function of the free, rather than 
total, concentration of competitor; the free concentration of most competitors 
is determined by their binding to sites other than TBG, in particular to high
capacity sites such as albumin. Ultimately, the occupancy of albumin can 
influence the free competitor concentration. 

Hence, binding needs to be studied in serum, as well as with isolated 
proteins. When working with a highly bound substance, such as T4, it is tech
nically much easier to study binding in diluted serum, and it is difficult to 
establish a diluted system in which the concentrations of free hormone, 
competitor(s), and unoccupied binding sites are maintained in the relationship 
that applies in vivo. Existing literature on competitor effects has become 

Table 6. Drugs that can displace thyroid hormones from 
binding in normal human serum in vivo 

Salicylates 
Acetyl salicylic acid (aspirin) 
Salicyl salicylic acid (salsalate) 

Furosemide 
Fenclofenac 
Mefenamic acid 
Naproxen 
Diclofenac 
Diflunisal 
Phenytoin 
Carbamazepine 

Compiled from LARSEN (1972), STOCKIGT et al. (1985), LIM 
et al. (1988), MUNRO et al. (1989), BISHNOI et al. (1994), 
SURKS and DEFESI (1996). 
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confused because precise methodological details, particularly those related 
to dilution and albumin concentration, are often poorly defined. The terms 
"predilution" and "codilution" are useful in defining potential experimental 
artefacts. 

I. Pre-dilution and Co-dilution 

Pre-dilution occurs when the concentration of binding proteins is progres
sively decreased before particular concentrations of competitor are added 
(Fig. 5). The lower the concentration of albumin, the higher the occupancy of 
available binding sites for a given added concentration of competitor. If albu
min is low, the free competitor concentration may increase disproportionately, 
thereby magnifying apparent competitor potency (MENDEL et al. 1986). For 
example, in the case of a highly albumin bound competitor, the effect on T4 
binding of 5mM oleic acid added to undiluted serum can be matched almost 
exactly by 0.5 mM oleic acid in serum diluted 1: 10 (LIM et al. 1988). 

Failure to consider such pre-dilution effects appears to have led to overes
timates of the potency of long-chain NEFA, not only in T4-binding interactions 
(CHOPRA et al. 1985), but in numerous other studies where direct biological 
activity has been attributed to them (e.g. HWANG et al. 1986; NG and 
HOCKADAY 1986; VALLETTE et al. 1991). Where "physiological" concentrations 
of NEF A have been added to any albumin-free medium, their unbound con
centrations are often unrealistically high by several orders of magnitude, lead
ing to gross overassessment of inhibitor potency. 

Co-dilution occurs when a competitor present in whole serum is serially 
diluted so that total concentrations of binding proteins, hormone, and competi-

Pre-Dilution .. .. 

Co-Dilution 

Fig. 5. Pre-dilution: the binding proteins are diluted, followed by addition of a particu
lar concentration of competitor. Co-dilution: competitor is added to serum, followed by 
identical simultaneous dilution of binding proteins, total hormone, and total competi
tor concentrations 
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tors diminish in parallel. Notably, the free concentrations do not maintain this 
parallelism. Co-dilution effects lead to underestimation of the potency of 
competitors that are less highly protein bound than the hormone itself. The 
difference becomes clear if a hormone such as T4 with a free fraction of about 
1: 4000 is compared with a drug that has a free fraction in serum of 1: 50. 
Progressive dissociation will sustain the free T4 concentration at 1: 100 dilution 
while the free drug concentration decreases markedly after a dilution of only 
1: 10. As pointed out by EKINS (1990), a reverse effect, overestimation of 
potency with co-dilution, could occur with a competitor such as oleic acid that 
is more highly bound than T4 itself. A co-dilution effect was the initial clue that 
led to the recognition of frusemide as an important inhibitor of T4 binding in 
serum (STOCKIGT et al. 1984, 1985). When T4 binding was studied in serial 
dilution in normal subjects and critically ill hypothyroxinaemic patients, some 
of them showed a marked increase in free T4 fraction which became less 
obvious with progressive dilution; a threefold increase in T4 free fraction was 
seen at 1 : 5 serum dilution, with almost no increase at 1 : 50 or 1 : 100. The effect 
of measured serum frusemide on T4 binding was reproduced by addition of 
drug in vitro, evidence against the effect being due to a drug metabolite. 
Studies in serial dilution can be used to seek putative inhibitors; but such 
studies require highly sensitive methodology and meticulous attention to tracer 
purity (SURKS et al. 1988; WILCOX et al. 1994). SURKS and DEFESI (1996) have 
recently demonstrated that co-dilution effects have led to persistent underesti
mation of the importance of phenytoin and carbamazepine as inhibitors of T4 
binding. 

II. Estimation of In Vivo Competitor Potency 

Of the four factors that influence competition in vivo: kinetics of the competi
tor, total circulating concentration, free fraction, and affinity for the hormone
binding sites, only the latter can be determined by studying the binding protein 
in isolation. The precise free fractions of most highly albumin-bound drugs in 
serum at 37°C remain ill defined. Labelled drug preparations can be used to 
determine free fraction, but few are available. 

A dialysis system can be devised to measure the drug free fraction without 
a labelled preparation, or a specific drug assay using a dialysis system (LIM et 
al. 1986). Unlabelled drug is added to a large dialysate volume; its serum 
binding is proportional to the measured decrease in this concentration after 
dialysis to equilibrium, as measured by spectrophotometry. Once the free 
fraction is known, drugs can be added to achieve the relevant free and total 
therapeutic concentrations at equilibrium in undiluted serum (LIM et al. 1988), 
allowing displacement of [125I]T4 from the serum compartment to be measured 
at equilibrium at predetermined total and free concentrations of competitor. 
For a drug with a millimolar total concentration such as aspirin, the free 
fraction will increase as its total concentration approaches that of albumin 
(TOZER 1984). 
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Fig. 6. Relationship between the potency of drugs in increasing the free T4 fraction in 
whole serum at 37°C at their relevant therapeutic concentrations (LIM et al. 1988) and 
their rank order (from 1 to 26) as inhibitors ofT4 binding to TBG alone at 4°C (MUNRO 
et al. 1989). Frusemide (furosemide), the most potent drug on a molar basis in isolation, 
was only fifth most potent at its relevant serum concentration. Aspirin, ranked 23rd on 
a molar basis, ranked second in whole serum because of its high therapeutic concentra
tion and relatively high unbound fraction 

The main drugs that can displace thyroid hormones in human serum are 
shown in Table 6. Figure 6 shows the hierarchy of drug inhibitor potency for 
T4 binding at relevant therapeutic concentrations in undiluted serum. Of 
the drugs evaluated by LIM et al. (1988), fenclofenac was the most potent in 
serum, followed by aspirin, meclofenamic acid, diflunisal, and frusemide. 
These estimates differed markedly from the hierarchy of drug affinities for 
TBG or TTR in isolation (MUNRO et al. 1989). Although few drugs have been 
tested directly for T3 displacement, it is presumed that proportional changes in 
free T3 and free T4 are comparable. 

SURKS and DEFESI (1996) recently demonstrated that therapeutic concen
trations of phenytoin and carbamazepine increased the free fraction of T4 by 
40%-50% using ultrafiltration of undiluted serum. During continuing drug 
therapy, total T4 was lowered by 25%-50%, resulting in calculated free con
centrations within the normal range. In contrast, a commercial single-step free 
T 4 assay after 1 : 5 serum dilution gave subnormal free T 4 levels, attributable to 
a co-dilution effect, as described above. 

III. In Vivo Kinetics of Competitors 

The kinetics of the competitor itself will influence the way it affects hormone 
binding in vivo, as reflected by comparison of a short half-life competitor, such 
as frusemide (tllz -2 h) with fenclofenac (tllz -20-40 h). As a competitor oflong 
half-life approaches its steady state concentration, the free hormone concen-
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tration will tend to rise. Increased clearance and feedback inhibition of TSH 
secretion then tend to decrease the total hormone concentration to a new 
steady state with little change in free concentration for the period of drug 
administration (KURTZ et al. 1981). In contrast, a competitor of short half-life 
such as frusemide will show fluctuating effects on hormone binding. The total 
T4 concentration may show only transient changes in response to frusemide, 
except in situations where the feedback relationships is disrupted, as for ex
ample when this drug is used in combination with dopamine (STOCKIGT et al. 
1984), which inhibits the TSH response to hypothyroxinaemia (VAN DEN 
BERGHE et al. 1994). 

When thyroid status is assessed in patients receiving repeated high oral 
doses of frusemide, the time interval between drug dosage and blood sampling 
needs to be taken into account. Thyroid hormone levels measured at various 
times in patients treated with frusemide 80,120, and 250mg twice daily showed 
time-dependent changes in total T4, binding index, and free thyroxine index; 
changes were maximal 3-4h after each dose (NEWNHAM et al. 1987), with a 
tendency for total T4 to fall, associated with inhibition of binding and a rise in 
the free thyroxine index. Although it is not yet known whether intermittent 
competitor-induced increases in free hormone concentration can augment 
hormone action in man, it has been shown that a T3 and T4-displacing synthetic 
flavonoid has a transient thyromimetic effect in rats (LUEPRASITSAKUL et al. 
1990). 

IV. Interaction Between Competitors 

From the outline given above, it follows that increasing concentrations of any 
substance that shares albumin sites with a competitor could increase the free 
concentration of that competitor. Two substances with the potential to exert 
such a "cascade effect" on T4 binding in serum are oleic acid (LIM et al. 1991) 
and 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) (LIM et al. 
1993), a naturally occurring furanoid acid that accumulates in renal failure 
(MABUCHI and NAKAHASHI 1987). At concentrations that had only a minimal 
direct effect on the binding of T4 in undiluted normal serum, CMPF (Fig. 7) 
and oleic acid augmented the T4-displacing effect of numerous drug competi
tors for T4 binding to TBG (LIM et al. 1991, 1993). 

V. Spurious Competition 

The effect of heparin to increase the apparent free T4 concentration in vitro is 
potentially misleading because it does not reflect true changes in circulating 
free T4 (MENDEL et al. 1987b).1t appears that increases in free T4 as a result of 
heparin treatment are due to in vitro generation of NEF A during assay incu
bation as a result of heparin-induced lipase activity (MENDEL et al. 1987b). The 
studies of ZAMBON et al. (1993) demonstrated that in vitro generation of non
esterified fatty acids also occurs during room temperature storage of samples 
from heparin-treated subjects. This phenomenon may account for the fre-
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Fig. 7. Influence of 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF) on 
the T4-displacing effects of therapeutic concentrations of frusemide (Fur), fenclofenac 
(Fen), diflunisal (Din and aspirin (Asp) in undiluted serum at 37°C (equilibrium 
dialysis). Percentage free T4 is shown in the presence (solid columns) and absence 
(hatched columns) of 0.3 mM CMPF. Each drug together with CMPF increased free T4 
more than the sum of drug alone and CMPF alone (**P < 0.001). (From LIM et al. 1993) 

quent reports of apparent increases in free T4 in critically ill subjects, when 
measurements are done by analytically correct two-step free T4 methods 
(KAPTEIN 1994). 

VI. Drug Competition at Other Sites 

While studied less extensively than in serum, it is clear that many drugs can 
compete for tissue binding of thyroid hormones, as reviewed in Chap. 13, this 
volume, on potential thyroid hormone antagonists (see Table 7). Nuclear 
T3 binding to the /31 thyroid hormone receptor can be inhibited by 
desethylamiodarone (Chap. 10, this volume; BAKKER et al. 1994). Phenytoin 
(SMITH and SURKS 1984) and several non-steroidal anti-inflammatory agents 
(ToPLlss et al. 1988; BARLOW et al. 1994) also bind weakly to nuclear T3 
receptors, although the class of receptor has not been defined. 

Cell uptake of T3 by hepatic and pituitary cells in culture is subject to 
competition by a variety of drugs (TOPLlss et al. 1989; LIM et al. 1995), includ
ing calcium channel blockers (ToPLlss et al. 1993). CHALMERS et al. (1993) 
investigated the ability of 26 phenylanthranilic acid analogues related to 
mefenamic and flufenamic acids to inhibit T3 uptake by cultured hepatocytes 
and found that inhibitory activity was highly dependent on hydrophobicity of 
the compounds, suggesting that competition may depend on physicochemical 
rather than specific structural properties. Cytoplasmic T3 binding in mamma
lian liver can also be displaced by some anti-inflammatory agents and non-bile 
acid cholephils (BARLOW et al. 1994). 
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Table 7. Inhibitors of cellular T3 or T4 binding 

A Plasma membrane 
Non-steroidal anti-inflammatory drugs (NSAID) (TOPLISS et al. 1989) 

diclofenac, fenclofenac 
flufenamic acid, meclofenamic acid 
mefenamic acid 

Non-bile acid cholephils (TOPLISS et al. 1989) 
bromosulfophthalein, indocyanine green 
bilirubin 

Calmodulin antagonists (TOPLISS et al. 1993) 
naphthalene sulfonamides (W7, W12, W13) 
calmidazolium, trifluoperazine 

Calcium channel blockers (TOPLISS et al. 1993) 
nifedipine, verapamil, diltiazem 

Anticonvulsants (TOPLISS et al. 1989) 
diphenylhydantoin 

Sedatives 
benzodiazepines (KRAGIE and DOYLE 1992) 

Cholecystographic agents (TOPLISS et al. 1989) 
iopanoic acid 

Others 
phloretin (TOPLISS et al. 1989) 
EMD21388 (synthetic flavanoid) (LIM et al. 1996) 
phenylanthranilic acid analogues (CHALMERS et al. 1993) 

B Cytoplasm 
NSAIDs (BARLOW et al. 1994) 

acetylsalicylic acid, diclofenac, diflunisal 
fenclofenac, fenoprofen, flufenamic acid 
indomethacin, meclofenamic acid, mefenamic acid 

Non-bile acid cholephils (BARLOW et al. 1994) 
bromosulfophthalein 

Cholecystographic agents (BARLOW et al. 1994) 
iopanoic acid 

Others (BARLOW et al. 1991) 
SKF 94901 

C Nuclear 
NSAIDs (TOPLISS et al. 1988) 

diclofenac, fenclofenac 
meclofenamic acid, mefenamic acid 

Diuretics (TOPLISS et al. 1988) 
furosemide 

Anti-convulsants (SMITH and SURKS 1984; TOPLISS et al. 1988) 
diphenylhydantoin 

Anti-arrhythmic agents 
desethylamiodarone (BAKKER et al. 1994) 

Others 
SKF 94901 (BARLOW et al. 1991) 
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Studies of competition for cellular binding sites are prone to the artefacts 
of pre-dilution described above (i.e. the relevant free concentrations of com
petitor at the specific binding site are not known), so that the physiological or 
pharmacological importance of these competitive effects remains uncertain. 
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CHAPTER 6 

Molecular Biology of Thyroid Hormone Action 
l.A. FRANKLYN and V.K.K. CHATTERJEE 

A. Introduction 
The major biologically active thyroid hormone 3,5,3'-triiodothyronine (T3) 
exerts effects upon almost every cell and tissue of the body influencing func
tion, as well as in many cases the growth and development of that tissue. T3 is 
known to regulate the level of expression of a large number of specific genes 
expressed in a variety of tissues, often by stimulating or inhibiting the rate of 
transcription of those genes; much of this chapter concentrates upon the 
mechanisms of regulation of transcription by T3. Nonetheless, there are a 
number of steps which precede the binding of T3 to its receptor within the 
nucleus and which therefore have the potential to modulate the actions of T3 
and these will be considered briefly first. 

B. Extranuclear Mechanisms of 
Thyroid Hormone Action 
I. Plasma Membrane and Intracellular Transport of 
Thyroid Hormones 

Chapter 5 has discussed the transport of thyroid hormones in the circulation. 
While it is clear that the principle mechanism determining the intracellular 
supply of the "prohormone" thyroxine (T4) and the biologically active hor
mone T3 is the concentration of non-protein-bound or "free" hormone outside 
the cell and hence the amount of passive diffusion into the cell, it is also clear 
that there exists an energy-dependent, high-affinity, low-capacity system 
which contributes to the cellular uptake of thyroid hormones (KRENNING et al. 
1981). Furthermore, an active energy-dependent system may modulate trans
port inside the cell and uptake of T3 into the nucleus (OPPENHEIMER and 
SCHWARTZ 1985). It is postulated that modulation of these energy-dependent 
systems may playa part in ultimately determining thyroid hormone action, 
especially in the context of "non-thyroidal" illnesses in which marked abnor
malities of circulating concentrations of thyroid hormones are frequent and in 
which there are often discrepancies between thyroid hormone concentrations 
in serum and clinical thyroid state. 
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The metabolism of thyroid hormones has been discussed in Chap. 4, this 
volume, and emphasises that while the major determinant of T3 supply to the 
cell is the circulating concentration of that hormone, local deiodination of T4 
to T3, through the action of the enzyme 5'-monodeiodinase, is an important 
regulator of T3 supply. This is especially pertinent to tissues such as the brain 
and anterior pituitary, where intracellular deiodination accounts for at least 
50% of available T3 (LARSEN et al. 1982). Modulation of deiodination itself, in 
situations such as "non-thyroidal" illness and during therapy with a variety of 
drugs, thus represents a further potential level of control of thyroid hormone 
action. 

II. Extranuclear Sites of Thyroid Hormone Action 

It has been proposed for some years that T3 may act, at least in part, through 
extranuclear mechanisms (STERLING et al. 1977). High-affinity, limited
capacity binding sites for T3 have been described in mitochondria and studies, 
indicating increased oxygen consumption by isolated mitochondria after T3 
treatment in vitro lends support for a role for these intracellular organelles in 
T3 action. Direct effects of T3 upon plasma membrane uptake of amino acids 
have also been reported. 

The contribution of these extranuclear systems to thyroid hormone action 
remains unclear and the subject of considerable debate. Nonetheless, over
whelming evidence suggests that the major actions of T3 are mediated via 
binding to specific nuclear thyroid hormone receptor proteins (TRs), as dis
cussed below. 

c. Identification of High-Affinity Nuclear-Binding Sites 
for Thyroid Hormones 
The concept that the first step in the initiation of thyroid hormone action 
results from a direct effect upon the nucleus arose from the work of T ATA and 
WID NELL (1966). They reported stimulation of RNA polymerase activity in rat 
liver cell nuclei after administration of T3 or T4 to the hypothyroid animal. The 
presence of high-affinity, limited-capacity binding sites or receptors in the 
nuclei of rat hepatocytes was later demonstrated by OPPENHEIMER et al. (1972). 
Nuclear binding sites for T3 with similar high affinity (Kd 10-10_10-11 M) and 
specificity were subsequently described in a number of other rat tissues and a 
variety of cell lines. 

A large number of studies using radioactively labelled thyroid hormones 
as receptor-binding ligands were carried out; these studies demonstrated that 
the affinity of binding sites for T3, T4 and a variety of other thyroid hormones 
and their analogues paralleled their biological potency. In addition, there 
appeared to be a close correlation between the number of high-affinity binding 
sites for T3 present in the nuclei of a given tissue and the apparent responsive-
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ness of that tissue to thyroid hormones. Liver and anterior pituitary cells were 
calculated to have 8000-10000 TRs per cell nucleus, while tissues considered 
unresponsive to thyroid hormones, such as testis and spleen, were found to 
have little or no demonstrable ligand binding. These findings from ligand
binding studies were consistent with an important role of nuclear receptors in 
the initiation of thyroid hormone effects, evidence pointing to the presence 
of a single class of such receptors in all the tissues of a given organism 
(OPPENHEIMER et al. 1972; SAMUELS et al. 1983). 

Further biochemical characterization of TRs was hindered by the intrinsic 
instability of receptor proteins. Considerable efforts were made to purify such 
proteins, the results of such efforts indicating that TRs were heterogeneous in 
nature, ranging in molecular weight from 47 to 57kDa, heterogeneity being 
thought at the time to represent protein degradation or post-translational 
modification. Furthermore, it became clear that these nuclear receptor pro
teins were able to bind with high affinity to nuclear chromatin, providing early 
insight into their mechanism of action. 

D. Cloning of cDNAs Encoding Nuclear Receptors for T3 
Although purification of receptors for T3 using standard biochemical ap
proaches proved largely unsuccessful, this was not the case for receptors for 
steroid hormones which were purified using radiolabelled high-affinity binding 
steroid hormone analogues. Isolation of glucocorticoid and oestrogen receptor 
proteins allowed the production of antibodies against these receptors, tools 
which led ultimately to cloning and sequencing of receptor cDNAs and deduc
tion of receptor structure. Investigation of the role of the oestrogen receptor 
in the growth of breast tumours led to recognition of marked structural homol
ogy between the human oestrogen receptor and the v-erbA gene of the trans
forming avian erythroblastosis virus (GREEN et al. 1986). It was postulated that 
the normal cellular counterpart of this gene, the c-erbA proto-oncogene, 
might encode a receptor for a steroid hormone other than oestrogen but two 
reports published simultaneously demonstrated that the in vitro translation 
products of both a chicken and a human c-erbA cDNA bound thyroid hor
mones, rather than steroid hormones, with high affinity (SAP et al. 1986; 
WEINBERGER et al. 1986). The molecular weights of these c-erbA gene products 
were similar to those described previously for T3 receptors and the products 
were shown to bind T3, T4 and their analogues with similar relative affinities to 
those derived from studies of ligand binding to cell nuclei and nuclear extracts. 

The deduced amino acid sequences of the chicken and human cDNAs 
revealed that they encoded proteins which are members of a larger and ever 
expanding "superfamily" of structurally related proteins which includes recep
tors for glucocorticoids, mineralocorticoids, gonadal steroids, vitamin D3, all
trans retinoic acid and 9-cis retinoic acid (termed retinoic acid and retinoid X 
receptors, respectively), as well as further molecules whose ligands have yet to 
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be identified but which are likely to act as independent transcription factors 
(GREEN and CHAMBON 1988). Each of the receptor molecules within the family 
has a region near its N-terminal end which has the potential to form "zinc 
finger" structures capable of binding to DNA, while the carboxy-terminal 
region of each molecule corresponds to the ligand-binding domain; the func
tion of these specific domains is discussed in detail below. 

E. Recognition of Two Genes Encoding Two Major 
Classes of TR 
Hybridisation of the human c-erbA cDNA to digested placental DNA re
vealed the presence of multiple c-erbA genes which were located on more 
than one chromosome (WEINBERGER et al. 1986), implying the existence of 
more than one gene encoding the TJ receptor. THOMPSON et al. (1987) pro
ceeded to isolate from a rat brain cDNA library a putative "neuronal" form of 
TJ receptor cDNA. The rat protein encoded by this cDNA was shown to be 
more closely related structurally to the chicken than the human receptor 
already described; the rat and chicken receptors were therefore designated a 
forms and the human receptor was designated /3. It was confirmed that the a 
form represented a distinct gene product, since Southern blotting revealed 
hybridization to chromosome 17, while the human /3 receptor gene was 
mapped to chromosome 3. 

The view, arising from the initial cloning of distinct a- and /3-receptor 
cDNAs, that there existed more than one form ofTJ receptor protein was soon 
supported by cloning and expression of further rat and human receptor 
cDNAs. BENBROOK and PFAHL (1987) cloned, from a human testis cDNA 
library, a cDNA with a product of 55kDa demonstrating characteristic DNA
binding and ligand-binding domains. The human a-type receptor cDNA de
monstrated incomplete homology with the previously described human 
/3-receptor, with only 87% similarity in their DNA-binding regions. This re
port was followed by description of another human TJ receptor cDNA cloned 
from a kidney cDNA library (NAKAI et al. 1987). These human a-receptor 
cDNAs were shown to be similar to, but not identical with, the previously 
described rat a l receptor cDNA and were designated CXz forms. It soon became 
clear that, unlike their lXt counterparts, the products of a2 genes are unable to 
bind TJ with high affinity but retain some ability to bind to DNA (LAZAR et al. 
1988). It is known that the TJ receptor a gene transcript is alternatively spliced 
to produce lXt or CXz mRNAs. Further multiple splice variants of the rat c-erbA 
CXz product have also been described (IZUMO and MAHDAVI 1988). The picture 
has been further complicated by evidence that there exists, on both the rat and 
human TJ receptor a gene, a transcript on the opposite DNA strand which 
encodes a further member of the thyroid/steroid hormone receptor superfam
ily with a function which is as yet unclear (LAZAR etal. 1989). The product of 
this gene, termed rev-erbA a, does not bind TJ but may act through an 
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"antisense" mechanism to inhibit translation of the a1 and ~ gene transcripts 
or may itself bind to regulatory DNA sequences of T3 target genes (SPANJAARD 
et al. 1994). 

The T3 receptor f3 gene also utilises the mechanisms of alternate promoter 
sites or RNA splicing in order to produce f31 and f32 mRNAs. It is of interest 
that the product of the f3z gene is expressed most abundantly in the anterior 
pituitary (HODIN et al. 1989), in contrast to the f31 product, which demonstrates 
widespread expression. However, the presence of f32 transcripts or protein 
detected by reverse transcriptase polymerase chain reaction amplification or 
immunocytochemistry, respectively, has been reported in other tissues, espe
cially within the central nervous system (COOK et al. 1992; LECHAN et al. 1993). 

F. Thyroid Hormone Response Elements 
Considerable attention has focused on definition of the sequences of DNA 
termed thyroid hormone response elements (TREs) to which T3 receptor 
isoforms bind in order to regulate gene transcription. Definition of the se
quences that mediate thyroid hormone responsiveness has involved analysis of 
the promoter regions of target genes through synthesis of chimaeric con
structs, comprising varying lengths of promoter DNA linked to reporter genes 
(genes with easily measured products), such as that encoding the bacterial 
enzyme chloramphenicol acetyl transferase, and transiently expressed in 
mammalian cells in culture. Parallel studies defining the specific site of binding 
of receptor proteins to regulatory sequences within target gene promoters 
have utilised methods for analysis of protein-DNA binding including DNAse 
1 footprinting, gel mobility shift assays and methylation interference. 

Initial transfection studies of promoter deletion constructs upstream of 
reporter genes investigated the rat growth hormone gene and indicated that 
the DNA elements which mediated T3 stimulation of transcription of this gene 
resided within 235 base pairs of its transcriptional start site (CREW and 
SPINDLER 1986). Similar transfection studies led to localisation within 5'
flanking DNA of the TRE of other thyroid hormone responsive genes such as 
those encoding malic enzyme, the a-myosin heavy chain and the TSH a- and 
f3-subunits (Fig. 1; GUSTAFSON et al. 1987; CARR et al. 1989; CHATTERJEE et al. 
1989). 

There is no evidence from such studies that there exists a single "consen
sus" sequence of DNA to which T3 receptors bind in order to mediate T3 
effects upon every T3 responsive gene. Nonetheless there exists up to 80% 
homology between the TREs of various genes and this homology has led to 
description of an ideal "consensus half-site" with the structure AGGT(C/A)A 
(BRENT et al. 1989) (Fig. 1). Three such half sites similar in structure to this 
idealised TRE have been shown to exist within the 5' -flanking DNA of the rat 
growth hormone gene (between -188 and -165 bases relative to the transcrip
tional start site) and it has been reported that each is required for full T3 
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--.. ----..-
growth hormone AGGTAAgatcAGGGACgTGACCG 

----.. --.. 
a myosin heavy chain AGGTGAcaggAGGACA 

----.. --.. 
malic enzyme GGGTT AggggAGGACA 

----.. --moloney leukaemia virus GGGTCAtttcAGGTCC 

......- ----.. 
lysozyme TGACCCcagctgAGGTCA -- --.. myelin basic protein GGACCTcggctgAGGACA 

Consensus IREs -- --Direct repeat, DR-4 AGGTCAnnnnAGGTCA 

~......-
Palindromic, TREp AGGTCATGACCT 

..-- --Everted repeat, ER-6 TGACCTnnnnnnAGGTCA 

Fig. 1. Nucleotide sequences from the promoter regions of different target genes that 
are induced by thyroid hormone are shown. From these, three major types of consensus 
thyroid response element (TRE) can be derived, consisting of the hexameric sequence 
AGGTCA arranged either as a direct repeat with a four-nucleotide spacing (DR-4), 
palindromically (TREp) or as an everted repeat with a six-nucleotide spacing (ER-6). 
TREs from negatively regulated genes are quite variable in configuration such that no 
clear consensus can be derived 

stimulation of transcription, the nature and relative posItIon of the TREs 
influencing their activity (BRENT et al. 1991). Three similar half sites are 
observed in the promoter of the rat a-myosin heavy-chain gene. 

It is notable that consensus binding sequences for glucocorticoid receptors 
and oestrogen receptors are identical or very similar to the "consensus" TRE, 
the consensus glucocorticoid RE comprising two GGTACA hexamers in a 
palindromic arrangement separated by three base pairs, while a consensus 
oestrogen RE comprises two AGGTCA hexamers also arranged as a sym
metrical palindrome with a three base pair gap (CARSON-JURICA et al. 1990). 
The situation for TREs is, however, more complicated than that which applies 
to the response elements mediating glucocorticoid and oestrogen effects, since 
analysis of wild-type promoters of T3 target genes demonstrates that T3 recep
tors do not bind to consensus palindromic sequences in nature. Furthermore, 
T3 receptors can recognise DNA-binding sites containing between one and 
four hexamers, often of degenerate sequence, which can be arranged in com
binations of any relative orientation (WILLIAMS and BRENT 1992; WILLIAMS 
et al. 1992). Despite this, T3 receptors usually bind to direct repeat response 
elements containing two hexamers homologous to the AGGTCA sequence. 

At the present time, controversy exists over the precise nature and posi
tion of response elements mediating T3 receptor actions. The complexity of 
structure of TREs, as well as the structural and functional complexity of T3 
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receptor isoforms, which is discussed below, determines that receptors can 
bind to dually regulated elements (GLASS et al. 1989; YARWOOD et al. 1993), as 
well as to overlapping binding sites for other receptors or transcription factors 
(DIAMOND et al. 1990), and are able to heterodimerise with several potential 
functional partners (Yu et al. 1991; FORMAN et al. 1992; KLIEWER et al. 1992a,b; 
YEN et al. 1995). These observations determine that the regulation of specific 
target genes by T3 is highly complex and cannot be explained by a simple 
model of receptor binding to DNA. 

G. Structural Characteristics of TRs and Identification of 
Functional Domains 
Following the cloning of TRs, inspection of their primary amino acid sequence 
indicated high homology with steroid receptors (e.g. glucocorticoid, 
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Fig. 2. Schematic representation of the domains (A to F) of TR highlighting important 
functional motifs. The zinc fingers together with the a-helical carboxy-terminal exten
sion (CTE) constitute the DNA-binding domain. The role of P, D and DR boxes is 
discussed in the text. A sequence within the CTE (underlined) mediates nuclear 
localisation of the receptor. Motifs (TRAP; ninth heptad repeat) involved in 
dimerisation and hormone-dependent transcription activation (amphipathic a-helix) 
are also indicated 
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oestrogen), suggesting that they were part of this family of proteins (EVANS 
1988). When aligned by sequence similarity, the receptors can be subdivided 
into distinct domains (A to F) (Fig. 2) which mediate specific functions. A 
central C domain is the most highly conserved region and is organised into zinc 
finger motifs which mediate binding to DNA and the carboxy-terminal (D/E/ 
F) domains encode ligand binding and dimerisation functions. The role of 
amino-terminal (A/B) domains is less well understood, but they have a tran
scription activation function which manifests variably depending on cell type 
and gene promoter context (GREEN and CHAMBON 1988). In common with 
other members of the steroid/nuclear receptor family, the TR acts as a ligand
inducible transcription factor to activate or repress target gene transcription in 
a hormone-dependent manner. The structural features within each domain 
which mediate specific functions will now be considered in more detail. 

I. DNA-Binding Domain 

The central C domain of the receptors consists of 68 amino acids including 
nine cysteine residues that are highly conserved amongst all members of this 
protein superfamily. These invariant cysteines are known to coordinate zinc to 
form two "fingers" (Fig. 2) which constitute the DNA-binding motif. Point 
mutagenesis of these conserved residues abolishes receptor - TRE interactions 
as well as function (CHATIERJEE et al. 1989). Detailed analyses have shown that 
critical residues in a region called the P box, at the base of the first finger, play 
an important part in DNA sequence recognition. The TR is part of a subfamily 
of nuclear receptors which contain the residues Glu, Gly, Cys, Lys, Gly within 
the P box and preferentially recognise the hexameric nucleotide sequence 
AGGTCA. Crystallographic studies confirm that the P box forms part of an a
helix which interacts with the major groove of DNA (RASTINEJAD et al. 1995). 
The zinc finger motifs also contain residues which mediate protein-protein 
interaction or dimerisation between receptor monomers bound to DNA. A 
region at the beginning of the second finger (D box) may mediate interaction 
in TR homodimers (UMESONO and EVANS 1989). However, when TR forms 
heterodimers with the retinoid X receptor (RXR) on a TRE containing two 
AGGTCA motifs arranged as a direct repeat (Fig. 1), the D box of RXR which 
is bound to the 5' AGGTCA motif interacts with residues in the first zinc 
finger (DR box) ofTR, which is bound to the downstream hexameric sequence 
(RASTINEJAD et al. 1995). The crystal structure of the TR-RXR heterodimer 
also provides evidence for the involvement of receptor sequences outside the 
zinc finger motifs in DNA binding. Unlike the glucocorticoid or oestrogen 
receptors (SCHWABE et al. 1993), a third a-helix following the second zinc 
finger is present in TR (Fig. 2), constituting a carboxy-terminal extension 
(CTE) to the DNA-binding domain which forms extensive contacts with the 
minor groove of DNA. This added DNA interaction probably dictates the 
selectivity of TR-RXR heterodimers for DR4 (direct repeat with four spacer 
nucleotides) TREs compared to other direct repeat spacings (DR1, 2, 3, 5). It 
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may also explain why the TR, uniquely, can bind moderately well as a mono
mer to a slightly extended half-site recognition sequence (TAAGGTCA) 
(KATZ and KOENIG 1993). 

II. Hormone-Binding Domain 

Experiments in which various domains of the TR were coupled to a hetero
logous DNA-binding domain indicate that the hormone-binding and 
transactivation functions of TRs are encompassed within the D/EIF domains 
(THOMPSON and EVANS 1989). However, further deletions extending either 
from the D domain (LIN et al. 1991) or from truncation of amino acids at the 
carboxy terminus (CHATTERJEE et al. 1991) lead to a dramatic loss of ligand
binding capacity. Single point mutations within this region are equally dele
terious (ADAMS et al. 1994), suggesting that the ability to bind ligand is 
distributed widely across this region of the receptor. Most recently, the crystal 
of the hormone-binding domain of the TRa has been elucidated. The domain 
consists of 11 a-helices arranged as a three-layered antiparallel sandwich, 
harbouring an internal hydrophobic core which contains the ligand (WAGNER 
et al. 1995). As suggested by mutational analyses, the buried ligand makes 
extensive contacts with at least eight different structural elements throughout 
the length of the hormone-binding domain. 

III. Nuclear Localisation 

Immunocytochemical studies show that, unlike other members of the steroid 
receptor superfamily, the TR is constitutively located in the cell nucleus 
(MACCHIA et al. 1990), probably reflecting the fact that it is not associated with 
cytosolic heat shock proteins (DALMAN et al. 1990). Nevertheless, the entry of 
receptor into the nucleus is thought to be mediated by a specific sequence of 
amino acids resembling those identified in other proteins such as the SV 40 
large T antigen or progesterone receptor (GUICHON-MANTEL et al. 1989). 
When coupled to a heterologous cytoplasmic protein, a short basic peptide 
sequence within the a-helical extension to the DNA-binding domain (Fig. 2) 
is indeed capable of targeting it to the nucleus (DANG and LEE 1989) and 
mutations within this motif impair nuclear localisation (LEE and MADHAVI 
1993). 

IV. Dimerisation 

As has been discussed previously, the TR can bind to DNA as a monomer or 
homodimer or as a heterodimer with RXR. TR homodimers are particularly 
evident on everted repeat and palindromic configurations of TRE, whereas 
TR-RXR heterodimers are formed preferentially on direct repeat response 
elements (Fig. 1). Furthermore, the addition of ligand disrupts the homodimer 
complex, whereas the heterodimer remains stable (Fig. 3) (YEN et al. 1992). In 
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Fig. 3. A In the absence of ligand, the thyroid hormone receptor binds to response 
elements as either a homodimer or a heterodimer with RXR. Basal gene transcription 
is inhibited via intermediary corepressors. B Following T3 binding, TR homodimers 
dissociate and release of corepressor leads to derepression. The TR-RXR heterodimer 
remains stable and recruits coactivators to enhance target gene transcription 

addition to sequences within the DNA-binding domain, regions within the 
hormone-binding domain have also been implicated in dimerisation. FORMAN 
and SAMUELS (1989) inspected the primary amino acid sequence of this domain 
and delineated a series of nine repeats consisting of conserved hydrophobic 
residues at the first, fifth and eighth positions. These heptad repeats were 
analogous to the "leucine zipper" motif which forms a coiled-coil helical 
structure in transcription factors such as Fos and Jun and mediates 
dimerisation. Mutagenesis experiments have confirmed that the ninth heptad 
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repeat (Fig. 2) is important for both homo- and heterodimerisation (Au
FLIEGNER et al. 1993). However, naturally occurring receptor mutations, iden
tified in the syndrome of resistance to thyroid hormone (RTH), overlap the 
first and second heptad repeats and dimerise normally, arguing against their 
importance for this function (COLLINGWOOD et al. 1994). Interestingly, some 
natural mutant receptors in RTH (e.g. R316H, R338W, R429Q) exhibit a 
failure to form homodimers yet heterodimerise normally, suggesting that dif
ferent regions of the hormone-binding domain are involved in the two types of 
interaction. 

A second region which lies further upstream in the hormone-binding 
domain (Fig. 2) was first shown to be important for the interaction of TR with 
auxiliary factors (TRAPs) from nuclear extracts and designated the TRAP 
domain (O'DONNELL et al. 1990). It is now believed that the TRAP activity in 
many cell types is synonymous with RXR and the TRAP domain has indeed 
been shown to be involved in TR interaction with RXR (ROSEN et al. 1993). 

The hormone-binding domain of TRa crystallises as a monomer, such that 
only limited inferences about the nature of the dimer interface can be drawn. 
Nevertheless, the hydrophobic residues of the ninth heptad are found on the 
surface of helix 11, with the potential to participate in protein-protein interac
tion. However, elucidation of the exact nature of homo- and heterodimeric 
interfaces awaits crystallisation of full-length receptors bound to DNA. 

v. Silencing of Basal Gene Transcription by Unliganded TR 

v-erbA, the oncogenic counterpart of TR, was first shown to act as a transcrip
tional repressor (DAMM et al. 1989), but many groups have since made the 
observation that when hormone-inducible reporter genes (containing positive 
TREs) are cotransfected with TR, the basal level of transcription is inhibited 
(Fig. 3). This was best exemplified by studies of the chicken lysozyme gene 
(BANIAHMAD et al. 1990), where an everted repeat TRE in the promoter was 
shown to mediate transcriptional "silencing" by recruiting TR in the absence 
of ligand. The subsequent addition of hormone relieved this repression. 

Further studies have shown that silencing is mediated by the carboxy
terminal hormone-binding domain of TR (BANIAHMAD et al. 1992). One hy
pothesis for this effect was that the receptor might directly inhibit components 
of the basal transcriptional machinery. This was supported by experiments 
which showed that TR could indeed interact with factors such as TF-IIB 
(BANIAHMAD et al.1993; FONDELL et al. 1993) or TATA-binding protein (TBP) 
(TONE et al. 1994) and that these interactions were disrupted by ligand. An 
alternative hypothesis suggested the existence of an additional cellular factor 
containing an intrinsic repression function, which could be recruited by 
unliganded TR but dissociated from the receptor in the presence of hormone 
(CASANOVA et al. 1994). 

Two groups have now isolated cellular factors, called N-CoR and SMRT, 
respectively, that are candidate corepressors which interact with TR and re-
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lated nuclear receptors in the absence of hormone (HORLEIN et al. 1995; CHEN 
and EVANS 1995). N-CoR is a 270-kDa protein which interacts optimally with 
TRJRXR heterodimers bound to DNA and dissociates following the addition 
ofT3• 

VI. Transcription Activation 

In keeping with other nuclear receptors, TRs have been shown to contain two 
types of transcription activation function: their amino-terminal AlB regions 
may encode a weak activation function (AF-1), which is constitutive and 
manifests even with unliganded receptor bound to a TRE; in contrast, the 
carboxy-terminal D/EIF regions contain a powerful activation function (AF-2) 
which is strictly hormone dependent. 

1. Hormone-Dependent Activation of Transcription (AF-2) 

Previous studies of the oncogene v-erbA had shown that it was unable to 
regulate transcription in a hormone-dependent manner. Comparisons of TR 
and v-erbA indicated that this function mapped to nine amino acids at the 
carboxy terminus of the receptor (ZENKE et al. 1990). A helical wheel plot 
indicated that the carboxy-terminal motif, made up of hydrophobic and acidic 
residues, could form an amphipathic helix (Fig. 2), analogous to transcription 
activation domains present in factors such as GAlA and VP16. Further studies 
supported this hypothesis, showing that mutation of leucine and glutamic acid 
residues, which are highly conserved amongst nuclear receptors, abrogated 
AF-2 function with preservation of hormone and DNA binding (TONE et al. 
1994; BARETIINO et al. 1994). 

The crystal structure of TRa confirmed the presence of an amphipathic a
helix (helix 12) at the carboxy terminus of the receptor, which is also present 
in the crystal structures of the retinoic acid (RARY) and RXRa. Interestingly, 
the position of this helix in unliganded RXRa versus liganded RARydiffers 
markedly (RENAUD et al. 1995), suggesting that hormone-binding induces a 
marked conformational change in the DIEIF domains. Although similar direct 
comparisons cannot be made for TR, other evidence (e.g. measurements of 
secondary structure by circular dichroism) suggests a similar hormone
dependent alteration of conformation (TONEY et al. 1993). 

The conformational change is known to be accompanied by a relief of 
repression or silencing by TR due to dissociation of corepressor. By analogy, 
this led to the hypothesis that transcription activation involved the recruitment 
of coactivators by the receptor. Using either the yeast two-hybrid system or 
Far Western blotting, several groups have identified a number of different 
cellular cofactors which interact with TR and other nuclear receptors in a 
strictly hormone dependent manner. Such putative coactivators include 
SUG1ITIF1 (LEE et al. 1995), RIP140 (CAVAILLES et al. 1995), SRC-1 (ONATE 
et al. 1995) and CBP (KAMEl et al. 1996). In each case it appears that the 
C-terminal amphipathic a-helix is important for receptor interaction with 
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the cofactor. The relative importance and functional role of these different 
proteins in mediating transcription activation remains to be elucidated. 

2. Constitutive Transcription Activation (AF-l) 

In contrast to the high homology (-80%) between TRal and TR/31 receptor 
isoforms in their DNA- and hormone-binding domains, the amino-terminal AI 
B regions of these receptors and TRA are quite dissimilar «15% homology) 
(Fig. 4), suggesting divergent functions for this domain. As the tissue distri
bution of these receptor isoforms differs markedly, one hypothesis is that the 
AlB regions mediate cell-type or promoter-specific differences in target 
gene regulation by the different receptors. For example, cotransfection of 
TRal with the Rous sarcoma virus promoter enhances basal transcription 
(SAATCIOGLU et al. 1993). This ligand-independent activation (AF-1) function 
mapped to the AlB domain of TRa1 and the /31 receptor did not exhibit a 
similar effect. The chick TRal can be phosphorylated on serine residues at 
positions 12 and 28 by protein kinase A or casein kinase II, respectively 
(GOLDBERG et al. 1988; GLINEUR et al. 1989). However, the contribution of 
such post-translational modification to AF-1 activity is not known. In another 
study (SJOBERG and VENN STROM 1995), the amino-terminal domain of TRA 
was also found to contain strong AF-1 activity which was markedly attenuated 
by mutating conserved tyrosine residues. Whether these residues modulate 
receptor interaction with cofactors (corepressors/coactivators) remains to be 
elucidated. 

The amino-terminal AlB domains of TRs have also been shown to aug
ment the hormone-dependent activation function (AF-2) of the carboxy
terminal region. For example, TRal is more transcriptionally active than TR,61 
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Fig. 4. Organisation and tissue distribution of thyroid hormone receptor isoforms 
(TRal , TR!3I, TR!32) and related proteins (TRlX:1, Rev-erba). The proteins are aligned 
via their DNA-binding domains, which are most homologous. TRlX:1 is identical to 
TRa1 except at the carboxy terminus (black), and the amino terminus of TRf3:, (bars) 
diverges from TR!31 
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when compared using synthetic TREs in JEG-3 choriocarcinoma cells 
(HOLLENBERG et al. 1995) and TRj3) is more potent than TR~ when tested with 
TREs from the myelin basic protein and malic enzyme genes in NIH 3T3 cells 
(TOMURA et al. 1995). In both cases, these differences were abolished by AlB 
domain deletions. Possible explanations include the interaction of TRaj and 
13), but not TRj32' with the basal transcription factor TF-IIB (TOMURA et al. 
1995), or that TRj32 exhibits stronger homodimeric binding to some TREs 
which fail to dissociate with ligand to allow the formation of transcriptionally 
active heterodimers (NG et al. 1995). 

H. Role of the TR Splice Variant TR~ 
As a result of alternate splicing of the TRa gene, the receptor variant TRaz 
(Fig. 4) has a divergent carboxy terminus and does not bind thyroid hormone 
(LAZAR et al. 1988). As it is distributed ubiquitously, often with TRaj or TRj3j, 
this raised the possibility that the az variant might act as an endogenous 
modulator of thyroid hormone action. Initial experiments using a direct repeat 
type of TRE suggested that TRaz could indeed inhibit the action of 
coexpressed TRaj or TRj3j (KOENIG et al. 1989), but a subsequent study with 
a palindromic TRE (RENTOUMIS et al. 1990) could not reproduce this effect. 
These differences were reconciled by the later observation that TRaz forms 
heterodimers with RXR more efficiently on direct repeat versus palindromic 
TREs to mediate its inhibitory effects (NAGAYA and JAMESON 1993). Most 
recently, KATZ et al. (1995) have shown that the DNA-binding and inhibitory 
activities of TRa2 can also be inhibited by casein kinase II dependent phos
phorylation of a serine within the unique divergent carboxy terminus. Overall, 
these studies suggest that TRaz may be a natural inhibitor of TR action, 
subject to phosphorylation state and TRE context. Equally, the possibility that 
TRaz may be a receptor for a ligand that has yet to be identified cannot be 
discounted. 

I. TRs and Human Disease 

The cloning of TRs has led to the elucidation of the pathogenetic defect 
responsible for the syndrome of RTH in man. This disorder, usually inherited 
as an autosomal dominant, is characterised by elevated circulating levels of 
thyroid hormone together with central and peripheral refractoriness to hor
mone action (FRANKLYN 1991). Affected individuals are heterozygous for di
verse mutations in the TRj3 gene, which localise to three clusters in the 
carboxy-terminal hormone-binding domain (CHATTERJEE and BECK-PECCOZ 
1994). The clinical manifestations of RTH are highly variable, ranging from 
asymptomatic individuals deemed to have generalised resistance (GRTH), to 
thyrotoxic features such as failure to thrive, low body mass index, tachycardia 
or dysrhythmia, suggesting predominant pituitary resistance (PRTH). Both 
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GRTH and PRTH are associated with TR,B mutations, indicating that the two 
disorders represent phenotypic variants of a single genetic entity (ADAMS et al. 
1994). In keeping with their location, mutant receptors in RTH exhibit im
paired hormone-binding and transcriptional activity. In addition, the mutant 
receptors are capable of inhibiting the action of their wild-type counterparts 
when coexpressed (CHATTERJEE et al. 1991). Clinical observations from two 
other unusual cases of RTH provide evidence in support of a "dominant 
negative" inhibitory effect of mutant receptors in vivo. In a unique family with 
recessively inherited RTH (REFETOFF et al. 1967), individuals who were het
erozygous for a deletion of one allele of the TR,B gene were clinically and 
biochemically normal and this has also been confirmed in heterozygote TR,B 
knockout mice (FORREST et al. 1996); conversely, another child who was ho
mozygous for two "dominant negative" mutant TR,B alleles showed severe 
growth and mental retardation together with biochemical evidence of extreme 
resistance to thyroid hormone action (ONO et al. 1991). To date, no naturally 
occurring defects in human TRa1 have been described, although based on its 
tissue distribution (Fig. 4) this would be unlikely to manifest as classical 
thyroid hormone resistance. 
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CHAPTER 7 

Iodine: Metabolism and Pharmacology 
S. NAGATAKI and N. YOKOYAMA 

A. Introduction 
The synthesis of normal quantities of thyroid hormones containing iodine 
in the molecules depends on the availability of adequate quantities of 
exogenous iodine. Iodine participates not only in an essential substrate for 
thyroid hormone biosynthesis, but also in many pharmacological actions. 
Therefore, the effect of iodine on the thyroid is a combination of the effects of 
pharmacological action and the effects of iodine as a substrate for thyroid 
hormone. 

In the 1940s, it was proposed that iodine might have a direct influence on 
thyroid structure. In comparisons of thyroids from hypophysectomized rats 
given high and low iodine diets, thyroids in animals receiving low iodine diets 
were heavier and more vascular, and had a greater mean acinar cell height 
than those in iodine-rich diets (CHAPMAN 1941). In comparisons of the growth 
response of thyroid glands to thyroid-stimulating hormone (TSH) in 
hypophysectomized rats, thyroids with mild iodine deficiency displayed a 
smaller response to both a standard dose and a higher threshold dose of 
TSH for thyroid growth than thyroids with severe iodine deficiency (BRAY 
1968). 

There exists a mechanism whereby iodine directly influences thyroid 
growth with or without trophic stimulations. The possible effects of such 
autoregulation of thyroid function are manifold., including the involuting 
action of iodine on the diffuse goitre of Graves' disease. The same mechanism 
operating in reverse may facilitate the development on maintenance of simple 
goitre, in which thyroid organic iodine is decreased (RAPOPORT et al. 1972). In 
this matter, it has traditionally been postulated that enhanced TSH secretion 
to impaired hormone synthesis is the primary cause of goitre. Nevertheless, 
patients with simple goitre do not necessarily have elevated serum TSH levels 
(YOUNG et al. 1975). There may be another mechanism that permits the 
development and maintenance of goitre via an enhanced growth response to 
normal TSH levels. 

It is clear that the thyroid itself is an unfilled reservoir of both iodine 
and thyroid hormone, that the extracellular fluid and tissues are themselves 
reservoirs of hormones, and that these reservoirs provide a strong factor 
of physiological stability. It would be desirable that the mechanisms for 
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maintenance of thyroid homeostasis not only respond to various concentra
tions of thyroid hormone in the blood, but also respond to the glandular 
content of hormone. The thyroid indeed contains intrinsic mechanisms re
sponsive to variations in the quantity of iodine available and often to the 
resulting changes in thyroidal organic iodine contents (see also Chap. 4, this 
volume). 

B. Iodide Transport and Organification 
Iodine is actively transported against the electrical gradient at the basal mem
brane of the thyroid follicular cell and diffuses with a specialized channel from 
the thyroid cell to the follicular lumen at the apical membrane. Iodide trans
port into the thyroid is the first step in the biosynthesis of thyroid hormones. 
TSH stimulates all aspects of thyroid function, including iodide transport. The 
Na+;r symporter is an intrinsic membrane protein located in the follicular cells 
and is responsible for the active Na+-dependent accumulation of iodide 
(CARRASCO 1993; DUMONT and VASSART 1995; VILIJIN and CARRASCO 1989). 
The identification, solubilization, purification and reconstitution in a func
tional state of the Na+;r symporter have been characterized to elucidate the 
molecular mechanisms involved in iodide accumulation and its regulation 
(CARRASCO 1993; DUMONT and VASSART 1995; VILIJIN and CARRASCO 1989; 
GERARD et al. 1994; KAMINSKY et al. 1994). After considerable progress in 
iodine transport research over the last few decades, the cloning and character
ization of the thyroid Na+;r symporter has just been reported (DAI et al. 1996). 
A cDNA clone that encodes this symporter was isolated as a result of func
tional screening of a cDNA library from a rat thyroid-derived cell line (FRTL-
5) in Xenopus laervis oocytes. Oocyte microinjection of an RNA transcript 
made in vitro from this cDNA clone elicited a more than 700-fold increase in 
perchlorate-sensitive Na+/r symport activity. The Na+;r symporter cDNA 
expresses 3.1 kb with 12 trans-membrane regions and is composed of 680 
amino acids. 

The responses of iodine organification and coupling mechanisms to the 
administration of additional iodine are complex in thyroid glands, which de
pend on the dosage and duration of administered iodide. Under normal 
circumstances, the quantity of iodide delivered into the thyroid gland by 
the iodide transport mechanism does not exceed the capacity of peroxidatic 
mechanisms to carry out oxidation and organic binding to yield 
monoiodotyrosine (MIT) and diiodotyrosine (DIT). Similarly, the coupling 
mechanism proceeds to synthesize hormonally active iodotyronines from a 
portion of the iodotyrosine precursors. Hence, when radioiodine is adminis
tered, only a small proportion of radioiodine in the thyroid is present as 
inorganic iodide. The remainder is present in organic forms, principally MIT 
and DIT, with lesser proportions of the active hormones (T3 and T4). 
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c. Thyroid Autoregulation 
Iodine is central to any consideration of thyroid physiology, and the concept of 
thyroid autoregulation was established several decades ago. Autoregulation 
was originally defined as regulation of thyroidal iodine metabolism indepen
dent of TSH or other external stimulators, and the major autoregulatory factor 
was considered to be excess iodide (NAGATAKI 1974; PISAREV 1985). 

In humans, autoregulation results in the maintenance of normal thyroid 
secretion despite wide variations in dietary iodide intake. Although the intake 
of iodide varies from 50/lg to several milligrams per day in iodine-sufficient 
areas, serum thyroid hormone concentrations as well as TSH concentrations 
are remarkably constant in these areas. Even in mildly iodine deficient areas, 
many people are euthyroid with normal serum thyroid hormone and TSH 
concentrations. In patients with hyperthyroidism, excess iodide ameliorates 
the symptoms and signs of thyrotoxicosis and decreases serum thyroid hor
mone concentrations. This antithyroid effect of excess iodide disappears, how
ever, during continuous administration of iodide, and thyrotoxicosis reappears 
(escape or adaptation). 

In animal thyroid, acute inhibition of thyroidal organification of iodine by 
excess iodide, escape from the acute inhibitory effect of excess iodide, and 
changes of thyroid radioiodine uptake in hypophysectomized animals in re
sponse to variations in dietary iodide intake are representative examples of 
autoregulation. The acute inhibitory effect of excess iodide (Wolff-Chaikoff 
effect) is temporary and escape occurs despite continuous administration of 
iodide. Escape also occurs in hypophysectomized animals, indicating that it is 
not dependent on changes in TSH secretion. When hypophysectomized rats 
are fed a low iodine diet, thyroidal radioactive iodine uptake increases, and the 
increase is abolished by excess iodide. 

Organic iodine content and iodide-transport activity are inversely related 
even in hypophysectomized rats (HALMI 1961). In hypophysectomized rats, the 
weight of the thyroid gland and uptake of radioactive iodine were higher if the 
rats had been iodine depleted before hypophysectomy, and administration of 
TSH produces a greater effect in the iodine-depleted rats (HALMI and SPIRTOS 
1955). 

I. Autoregulation in Animals 

1. W olff-Chaikoff Effect and Escape 

The acute inhibitory effects of excess iodide were first demonstrated in the 
1940s (MORTON et al. 1944; WOLFF and CHAIKOFF 1948). In rats injected with 
100/lg iodide containing a tracer quantity of radioiodine, serum iodide concen
trations decreased rapidly with time, and thyroidal iodine organification was 
inhibited as long as serum iodide concentrations were above 20-30/lg/dl. 
When serum iodide concentration decreased below this range, organification 
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of newly accumulated iodide began. This inhibition of thyroidal iodine 
organification in response to the acute increase of serum iodide is commonly 
called the Wolff-Chaikoff effect. 

When a high concentration of serum iodide (100-200 ,ug/dl) is maintained 
by repeated administration of iodide, the inhibitory effect disappears and 
thyroidal iodine organification increases (WOLFF et al. 1949). This is the so
called escape from the Wolff-Chaikoff effect. Studies of the mechanism of 
escape suggested that it occurs because of impairment in the ability of the 
thyroid to concentrate sufficient iodide to inhibit thyroidal iodine organi
fication (BRAVERMAN and 1NGBAR 1963; RABEN 1949). Escape from the acute 
inhibitory effect of iodide explains why hypothyroidism or goitre formation do 
not occur in humans or animals maintained on high doses of iodide for a long 
time; however, the exact mechanism for the decrease in iodide transport 
activity in response to chronic excess iodide remains unresolved. 

2. Effects of Graded Doses of Iodide 

Even during the acute Wolff-Chaikoff effect, a small amount of organic iodine 
is formed in thyroid gland, but the newly formed organic iodine consists mostly 
of MIT and DIT, and very little thyroxine (T4) or triiodothyronine (T3) can be 
detected. The thyroid, however, concentrates substantial proportions of iodide 
when plasma iodide concentrations are only moderately increased (NAGATAKI 
and 1NGBAR 1964). Figure 1 shows the results of studies in which rats were 
given graded doses of iodide (2.5-250,ug) and a tracer dose of radioiodine (1311) 
30min before killing, to determine the incorporation of radioiodine into sev
eral thyroidal components. Two phases of response could be distinguished. 
The percentage of thyroidal radioiodine as inorganic iodide increased and the 
percentage of 1311 amino acids as T4 and T4 decreased, with increasing iodide 
dose above 50,ug. The ratio of labelled M1T/D1T also increased. As for 
the total quantity of newly formed organic iodine, the changes in total 
organification were biphasic, increasing as the iodide dose increased to 50,ug 
and then decreasing T4 and T3 formation more abruptly than did total 
organification. 

The effects of excess iodide can be divided into four categories (NAGATAKI 
1974). Firstly, with relatively low doses of iodide, which do not change the 
proportionate metabolism of iodine, the percentage uptake and incorporation 
of radioactive iodine into iodinated amino acids is unaltered. The total accu
mulation and incorporation of stable iodide into T4 and T3 increases with and 
remains proportional to the dose of stable iodide administered. Secondly, 
moderate doses of iodide decrease the percentage uptake of administered 
iodide, the proportion of newly formed organic iodine and the proportion of 
T4 and T3 among the newly formed iodinated amino acids, but increase the 
absolute rate of organic iodination and T4 and T3 synthesis. Thirdly, large 
doses of iodide decrease both the percentage incorporation of administered 
iodine and the absolute rate of organic iodine formation (Wolff-Chaikoff 
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Fig. 1. Effects of graded doses of iodide administered 30min before killing on the 
thyroidal metabolism of iodine in rats. The results shown are the means ± SE (bars) of 
values obtained from five rats. For reference purposes, the curve of total organic 
iodination is shown as a dashed line in the lower three panels. (Adapted from NAGATAKI 
and INGBAR 1964) 

effect). Finally, very large doses of iodide acutely saturate the mechanism for 
iodide transport. 

II. Autoregulation in Humans 

When the iodide dose reaches a certain level (more than 1 mg/day) in man, the 
thyroidal uptake of tracer doses of radioiodine decreases, and the administra
tion of perchlorate or thiocyanate results in discharge of radioiodine from the 
thyroid, indicating a proportionate decrease in organification of thyroidal 
iodide. There is no evidence, however, that overall organification is actually 
decreased by excess iodide; that is, there is no evidence for an acute Wolff
Chaikoff effect in man. The discharge of iodide means only that it has accumu
lated in excess of the thyroid's ability to organify iodide. If a large dose is 
given, the thyroid radioiodine uptake is so low that the absolute iodine uptake 
cannot be calculated. Hence, it is not possible to demonstrate either a Wolff
Chaikoff effect or escape from it. 

In contrast, in patients with hyperthyroidism caused by Graves' disease, 
acute administration of iodide decreases serum T4 and T3 concentrations and 
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ameliorates thyrotoxicosis. The acute effect is, however, due to inhibition of 
hormone release, and as discussed later there is little evidence that the Wolff
Chaikoff effect occurs in these patients. 

1. Effects of Moderate Doses of Iodide 

The response of the human thyroid to excess iodide is similar to that in rats. 
Acute administration of small or moderate doses of iodide does not change the 
percentage of thyroid uptake of concomitantly administered radioiodine, lead
ing to a linear increase in absolute iodine uptake. With progressively larger 
doses of iodide, thyroid radioiodine uptake decreases, but the absolute iodine 
uptake calculated from thyroid radioiodine and serum or urinary iodide con
centrations increases (NAGATAKI 1974). 

During chronic iodide administration, thyroid radioiodine uptake de
creases, but the absolute iodine uptake increases as the intake of iodide 
increases; serum T4 and T3 concentrations and degradation of thyroid hor
mone are not affected (Fig. 2, NAGATAKI et al. 1967). 

As shown in Fig. 3 (NAGATAKI et al. 1970a), the normal thyroid usually 
utilizes iodide from two sources to produce thyroid hormone: transport iodide, 
which comes from serum iodide (external iodide), and iodide derived from the 
deiodination of iodotyrosine freed from thyroglobulin (internal iodide). AI-
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Fig.2. Thyroidal absolute iodine uptake and degradation of thyroxine measured in the 
same subjects. Values for both are expressed as micrograms iodine per day. Circles, 
AIU calculated from thyroid clearance and serum inorganic I27 I. Crosses, degradation 
of thyroxine. (Adapted from NAGATAKI et al. 1967) 
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Fig. 3. Scheme of iodine metabolism in the normal thyroid and in the thyroid in which 
the reutilization of iodide is blocked. This blocking of the reutilization of iodide is 
the postulated result of iodide in excess given over a relatively long time. M , 
monoiodotyrosine; D , diiodotyrosine; T, triiodothyronine plus thyroxine. (Adapted 
from NAGATAKI et al. 1970a) 

though these two iodide pools are reported to mix nearly completely, absolute 
iodine uptake, or thyroidal organic iodine formation, which is calculated from 
the incorporation of serum radioactive iodide into thyroidal organic iodine, 
represents only the organification of external iodide. If internal iodide is 
reutilized completely, the organification of internal iodide should be two to 
four times greater than the organification of external iodide, because the 
amount of iodotyrosine iodine freed from thyroglobulin is from two to four 
times greater than that transported from the blood and the release of 
iodotyrosine iodine should be roughly equal to the organification of external 
iodide in the steady state. If the organification of internal iodide could be 
decreased when that of external iodide is increased, then the organification of 
external iodide could be increased from two to four times without changing 
the total thyroidal iodination and hormone production. 

In patients with Graves' hyperthyroidism, the absolute iodine uptake 
increases severalfold during iodide treatment. In one study, thyroid radio
iodine uptake 24h after injection averaged 20% of the dose, despite daily 
administration of 10 mg of iodide, and the proportion of inorganic radioiodine 
was only about 14% of total thyroidal content of radioiodine (NAGATAKI et al. 
1970b). Thus, thyroidal organic iodine formation in Graves ' hyperthyroidism 
is increased by iodide treatment despite a significant decrease in T4 and T3 
secretion. Furthermore, thyroidal organic iodine formation did not change 
after escape from inhibition of hormone release when serum T4 and T3 concen-
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trations had increased to their pretreatment concentrations. The dissociation 
between thyroidal organic iodine formation and T4 and T3 release in these 
patients is another unexplained feature of autoregulation. 

2. Effects of Excess Iodide in Normal Subjects 

Autoregulation was originally defined as the regulation of thyroidal iodine 
metabolism independent of TSH, and when the concept was established, 
serum TSH level was measured by bioassay. However, the development of 
sensitive assays for serum TSH and free T4 and T3 concentrations has made it 
possible to determine significant changes in serum concentrations of these 
hormones even within the normal range (NAGATAKI 1993). Serum TSH re
sponses to TSH-releasing hormone (TRH) are increased in normal subjects 
given moderate to large doses of iodide, indicative of a small antithyroid effect 
(IKEDA and NAGATAKI 1976). Serum TSH and thyroglobulin concentrations 
increase slightly, mostly within the normal range, and thyroid gland size 
increases in normal subjects given iodide for several weeks (Fig. 4, NAMBA et 
al. 1993). In addition, the administration of as little as O.75-1.5mg iodide daily 
to normal subjects leads to unsustained increases in serum TSH concentra
tions and TSH responses to TRH (GARDNER et al. 1988; CHOW et al. 1991) 
(Table 1). 

These results indicate that moderate doses of iodide have antithyroid 
actions, even if the action is sufficient to decrease serum free T 4 concentrations 
by only about 25%. Thus, many phenomena of autoregulation may in fact be 
dependent on TSH, and the definition of autoregulation may have to be 
reconsidered, because serum TSH concentrations are significantly increased 
by excess iodide, at least in normal human SUbjects. 

Table 1. Effects of iodide on serum TSH levels (adapted from NAGATAKI 1993) 

Iodide dose T4 T3 FT4 TRH Basal 
test TSH 

1974 190rng/day ,{, ,{, i i VAGENAKIS et a1. (1974) 
10 days 

1975 50rng/day ~ ,{, i i SABERI and UnGER (1975) 
250rng/day i ,{, i i 
13 days 

1976 10rng/day ~ ~ i i IKEDA and NAGATAKI (1976) 
1 week 

1988 (0.5) 1.5, 4.5 rng/day ,{, ,{, i i GARDNER et a1. (1988) 
14 days 

1991 0.75rng/day ,{, i CHOW et a1. (1991) 
28 days 

1993 27rng/day ~ ~ ,{, i NAMBA et a1. (1993) 
28 days 
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Fig. 4. Serum TSH (A), and Tg (B) concentrations and thyroid volume (C) measured 
by ultrasonography before, during and after administration of 27 mg iodine daily in ten 
normal subjects. *, P < 0.05 vs. value before iodide administration. (Adapted from 
NAMBA et al. 1993) 
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III. Intracellular Effects of Excess Iodide in Relation to 
Other Regulators 

There are other regulators of thyroid secretion in addition to TSH. These 
include growth factors, neurotransmitters and cytokines, which may affect 
thyroid membrane signal transduction, and T4, T3, corticosteroids, estrogen, 
vitamin D3 and retinoic acid, which may activate nuclear receptors in thyroid. 
These regulators exert their functions not only in endocrine but also in 
paracrine and autocrine ways. It is likely that iodide regulates thyroid function 
at least in part through these regulators. 

1. Signal Transduction 

Iodide inhibits the increase in adenylate cyclase activity in response to TSH 
(RApOPORT et al. 1975; UCHIMURA et al. 1980; VAN SANDE and DUMONT 1973; 
VAN SANDE et al. 1975; VAN SANDE et al. 1989; YAMADA and TAKASU 1985). 
This inhibition is not accompanied by decreased binding of TSH to thyroid cell 
membranes. In FRTL-5 cells, iodide causes dose-dependent inhibition of 
TSH-stimulated thymidine incorporation into DNA, and also the increase in 
thymidine incorporation into DNA stimulated by dibutyryl cAMP, forskolin, 
thyroid-stimulating antibodies, insulin, insulin-like growth factor I (IGF-I) and 
tetradecanoyl phorbol acetate. These results indicate that iodide inhibits 
the growth of thyroid cells at multiple loci related to both cAMP-dependent 
and cAMP-independent pathways. These inhibitory effects are abolished 
by methimazole and ethionamide (BECKS et al. 1988; SAJI et al. 1988; 
TRAMONTANO et al. 1989). 

In contrast to FRTL-5 cells, a high dose of iodide markedly increases c-myc 
mRNA concentrations, labelled thymidine incorporation and mitotic activity 
in primary suspension cultures of porcine thyroid cells that, unlike FRTL-5 
cells, are capable of organifying iodide (HELDIN et al. 1987). Moreover, the 
stimulatory effect of iodide is reduced in the presence of forskolin, suggesting 
that an organic form of iodide stimulates thyroid cell growth and that the 
stimulatory pathway is independent of exogenous polypeptide growth factors. 
The different responses to iodide in FRTL-5 cells and porcine cells are prob
ably due to differences in the characteristics of the two types of cells, since 
TSH is not a growth factor for human or porcine thyroid cells in vitro 
(WESTERMARK et al. 1983). 

2. Expression of HLA Molecules and Other Thyroidal Proteins 

Iodide markedly decreased HLA class I molecule mRNA concentrations in 
both TSH-treated and untreated FRTL-5 cells. The effect of iodide on class I 
gene expression reflects iodide autoregulation, and does not require TSH
induced iodide transport. Understanding the basis for iodide regulation of 
class I gene expression and the relationship of the action of iodide to the 
inhibitory effect of methimazole on class I gene transcription may contribute 
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to understanding of the mechanism of iodide autoregulation as well as 
methimazole action (SAJI et al. 1992). The increase in thyroglobulin mRNA 
induced by methimazole is inhibited by iodide in FRTL-5 rat thyroid cells 
(Is OZAKI et al. 1991). Incubation with iodide decreases the cellular content of 
thyroid peroxidase (TPO) and TPO gene expression in primary cultures of 
human thyroid cells (YOKOYAMA et al. 1991) and TPO activity in porcine 
thyroid cells in primary culture (KASAl et al. 1992). 

3. Protein Synthesis 

Iodide-induced suppression of iodide transport in cat thyroid slices is inhibited 
by the addition of cycloheximide or puromycin. Two-dimensional column 
chromatography of iodoproteins of control and cycloheximide-treated tissue 
suggest that the iodide-induced effects are associated with reduced iodination 
of an 8- to lO-kDa soluble component of the thyroid gland (SHERWIN and 
PRINCE 1986). Iodide decreases amino acid transport in dog thyroid cells in 
primary culture. The effect is abolished by methimazole, and iodide does 
not inhibit amino acid transport in cells lacking a mechanism for iodide 
organification (FrLETTI and RAPOPORT 1984). 

4. Organic Iodinated Lipids 

Iodinated lipids, including iodinated derivatives of arachidonic acid or purified 
iodolactone, inhibit radioactive uptake, basal and TSH-induced organification 
of radioiodine, and uridine incorporation into total RNA in calf thyroid slices 
(CHAZENBALK et al. 1984, 1988). These iodinated lipids decrease the action of 
iodide on thyroid growth and cAMP production in rat thyroid tissue in vitro. 
They also inhibit growth of FRTL-5 cells, which is not abolished by 
methimazole (PISAREV et al. 1992). In isolated porcine thyroid follicles, 
iodolactone inhibits, dose dependently, epidermal growth factor-induced thy
roid cell growth, which is also not abolished by methimazole. Basal as well as 
TSH-induced cAMP formation, however, is not changed by iodolactone 
(DUGRILLION et al. 1990). Iodotyrosines (MIT or DIT) inhibit iodide transport 
and cAMP generation in the presence of TSH in porcine thyroid cell cultures, 
suggesting that iodotyrosines can serve as a negative control factor for thyroid 
hormone formation (NAsu and SUGAWARA 1994). 

5. Growth Factors 

IGF-I and transforming growth factor-j3 (TGF-j3) are both produced by thy
roid follicular cells, and the inhibitory action of TGF-j3 on cell growth may 
involve a decrease in the thyroidal production of IGF-I. Furthermore, the 
attenuating action of iodide on cell growth may in part reflect increased 
production of TGF-j3 (BEERE et al. 1991; COWIN et al. 1992). Iodide induces 
TGF-j31 mRNA in sheep thyroid cells (YUASA et al. 1992), and TGF-j3inhibits 
TSH-induced DNA synthesis and iodide uptake and DNA synthesis induced 
by IGF-I in FRTL-5 rat thyroid cells (PANG et al. 1992). 
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In human thyroid cells, iodide increases thyroidal TGF-,81 mRNA expres
sion, and TGF-,81 almost completely abolishes cAMP-induced stimulation of 
iodide uptake and TPO synthesis (COWIN and BIDEY 1994; TATON et al. 1993). 
These results emphasize the potentially major role of TGF-,81 as a local 
modulator of thyroid functions. 

Endothelin (ET)-1 is a potent vasoconstrictive substance and immunore
active ET-1.and ET-1 mRNA are expressed in porcine thyroid cells. Iodide 
increases ET-1 mRNA expression and the effect of iodide is attenuated by 
methimazole, indicating that ET -1 gene expression is induced by organified 
iodine compounds in thyroid cells in a manner very similar to the inhibitory 
actions of iodide on thyroid cell function. ET -1 produced by thyroid cells may 
be involved in autoregulation including thyroid blood flow (ISOZAKI et al. 
1993). Iodine levels in the thyroid are inversely related to blood flow. 

IV. Mechanism of Autoregulation 

1. Acute Inhibitory Effect (Wolff-Chaikoff Effect) 

Despite the numerous reports on the effects of excess iodide on thyroid gland, 
little is known about the mechanism of autoregulation. Various effects of 
excess iodide are abolished by thiocyanate or by methimazole (RABEN 1949; 
HELDIN et al. 1987). For example, methimazole inhibits the effects of excess 
iodide on expression of the mRNAs for c-myc and TGF-,81 (FILElTI and 
RApOPORT 1984; COWIN et al. 1992). It also inhibits the effects of iodide on 
amino acid transport, cell toxicity (MANY et al. 1992) and inhibition of H20 2 

production (CORVILAIN et al. 1991), but not the expression of HLA class I 
molecules by excess iodide (SAJI et al. 1992). Hence, production of one or 
more organic iodine compounds has been proposed to be important in 
autoregulation (BECKS et al. 1987; BURKE 1970; CORVILAIN et al. 1988; 
GROLLMAN et al. 1986; PRICE and SHERWIN 1986). 

In the acute inhibitory effect of excess iodide, inhibition of organification 
of intra thyroidal iodide is a fundamental phenomenon. TPO-catalysed iodina
tion requires the peroxidase, an acceptor (protein or free tyrosine), iodide, and 
H 20 2• 

It was originally proposed that the acute inhibitory effect of excess iodide 
was due to formation of 12 preference to iodination of protein (TAUROG 1970). 

In dog thyroid slices, H20 2 generation is stimulated by TSH and by 
carbamylcholine. The action of carbamylcholine is mimicked by ionomycin 
and by phorbol myristate ester, suggesting that the action is mediated by 
signals generated by the Ca2+/phosphatidyl-inositol cascade. Preincubation of 
dog thyroid slices with excess iodide greatly inhibits iodide organification and 
H20 2 generation stimulated by TSH and by carbamylcholine. While inhibition 
of H20 2 generation may be the cause of the acute inhibitory effect, the nature 
of the organic iodine compound that inhibits H20 2 generation is unknown 
(CORVILAIN et al. 1988). Monoamine oxidase (MAO) in the thyroid has been 
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postulated to playa role in the biosynthesis of thyroid hormone because of its 
ability to generate hydrogen peroxide, but MAO inhibitor was found to inhibit 
thyroid iodide transport in rats (CABANILLAS et al. 1994). 

Iodinated phospholipids and iodinated derivatives of arachidonic acid or 
iodolactone inhibit organification of iodide in both calf thyroid slices and 
homogenates, whereas arachidonic acid has no such effect (CHAZENBALK et al. 
1984, 1988). It is possible that iodinated arachidonic acid plays an important 
role in the acute inhibitory effect of excess iodide. 

2. Mechanism of Adaptation 

Decreased iodide transport is an important mechanism in the adaptation to or 
escape from the acute inhibitory effect of iodide. Iodinated arachidonic acid or 
iodolactone is one of the iodinated compounds that is proposed to reduce 
iodide transport. Iodinated arachidonic acid may decrease iodide transport, 
but it is hard to see how the same substance could inhibit organification of 
iodide on the one hand and mediate the adaptation by which organification of 
iodide increases in response to chronic iodide administration on the other. 
However, the changes in iodide transport in response to excess iodide could be 
due mainly to changes in sodium transport and not to the production of an 
organic iodine compound (SAITO et al. 1989). 

The amounts of iodide taken up by the thyroid and incorporated into 
iodoamino acids and iodothyronines differ greatly according to dietary iodide 
intake, but the amount of T4 and T3 released from the thyroid is remarkably 
constant in both humans and animals. Inhibition of hormone release by iodide 
is a well-known phenomenon in Graves' disease and other forms of 
hyperthyroidism, and the inhibitory effect of excess iodide on thyroid hor
mone secretion has been demonstrated in sheep thyroid cell cultures 
(NAGATAKI 1974). Preferential inhibition of hormone secretion, however, can
not explain the balance between hormone formation and hormone release 
unless thyroid gland has an almost infinite capacity to store thyroid hormones. 

The acute Wolff-Chaikoff effect, the escape from this effect, and the 
increased thyroidal iodide uptake in hypophysectomized rats fed a low iodine 
diet are the typical autoregulations in animals. In contrast, constant hormone 
release regardless of the amount of iodide taken up by the thyroid and inhibi
tion of hormone release from the thyroid by iodide are the important 
autoregulatory effects in humans. It is still, however, not clear whether these 
types of autoregulation share the same mechanism or are due to different 
mechanisms. 

Most recent studies of autoregulation have been performed in vitro using 
thyroid slices, primary cell cultures and cell lines from different species. Al
though they clearly showed the effects of iodine on certain functions, the 
results are not compatible with the mechanism of autoregulation defined from 
in vivo studies (PRICE and SHERWIN 1986; PENEL et al. 1987; TAKAsu et al. 
1985). 
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3. Species Differences in Autoregulation 

Species differences in thyroid sensitivity to the acute inhibitory effect of iodide 
and escape from the inhibitory effect of iodide have been demonstrated in 
many studies. The rarity of hypothyroidism and goitre formation in humans 
despite exposure of many patients to excess iodide suggests that the human 
thyroid can easily escape from the inhibitory effect of iodide. This also ex
plains the difficulty in producing iodide goitre in rats. In contrast to humans 
and rats, long-term iodide feeding leads to colloid goitre in mice despite 
functional adaptation to iodide excess. Iodide feeding to hens leads to colloid 
goitre in their chicks, and guinea pigs treated with excess iodide show signs of 
histological activation of the thyroid. These variations in iodide effects in 
different species make it difficult to propose a uniform mechanism for 
autoregulation. 

4. Role of TSH in Autoregulation 

Although serum or medium TSH levels are constant, responses of iodine 
metabolism to TSH can be regulated by iodide through many other regulators. 
Furthermore, serum TSH levels are significantly changed by excess iodide, 
at least in normal human subjects. Many phenomena of autoregulation may 
be dependent on TSH and the definition of autoregulation may have to be 
reconsidered. 
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CHAPTER 8 

Antithyroid Drugs: Their Mechanism of 
Action and Clinical Use 
M. EL SHEIKH and A.M. MCGREGOR 

A. Introduction 
The treatment of hyperthyroidism is directed towards reducing thyroid hor
mone production and release from thyroid follicular cells. The mainstay of 
treatment is the use of antithyroid drugs (COOPER 1984), though cure of the 
disease often relies on either surgical treatment by partial thyroidectomy or 
the use of radioactive iodine (FRANKLYN 1994). Studies in the early 1940s 
demonstrated that the treatment of rats with thiourea or sulphaguanidine led 
to goitre formation, with subsequent studies demonstrating that these goitres 
resulted from the inhibition of thyroid hormone production, and the conse
quent stimulation of thyroid gland growth by the rise in thyroid-stimulating 
hormone (TSH) secretion. Based on these initial observations, Astwood con
ducted clinical trials with these agents which demonstrated that they were 
effective in controlling hyperthyroidism in man (AsTwooD 1943). The two 
main groups of antithyroid drugs (known collectively as thionamides) (Fig. 1) 
can be divided into the thiouracils, which have a six-membered ring, with 
propylthiouracil (6-propyl-2-thiouracil, PTU) being the only compound of this 
group in current clinical use, and the imidazoles, which have five-membered 
rings; the drugs in current clinical use from this group are methimazole (1-
methyl-2-mercaptoimidazole, MMI) and carbimazole (1-methyl-2-thio-3-
carbethoxy-imidazole, CBZ). CBZ is rapidly metabolised to MMI following 
ingestion. 

B. Hyperthyroidism 
A number of different situations lead to the development of hyperthyroidism. 
In areas of the world where iodine intake is adequate, over 75% of the patients 
presenting with hyperthyroidism to endocrine clinics do so because of un
derlying Graves' disease. In the majority of the remaining patients, hyper
thyroidism is usually attributable to a toxic multinodular goitre or to a solitary 
toxic adenoma (hot nodules). The remaining causes of hyperthyroidism are 
exceedingly rare. Since the cause of the hyperthyroidism does influence the 
subsequent course of management, correct diagnosis is important. Clinical 
assessment of the thyroid with the demonstration of diffuse enlargement 
coupled with extra thyroidal manifestations, most commonly in women and 
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Fig. 1. The thioureylenes; structures of the commonly used antithyroid drugs. The six
membered ring thiouracils (e.g. propylthiouracil) and the five-membered ring imida
zoles (e.g. methimazole and carbimazole) both contain the thioureylene moiety within 
the ring structure and are known collectively as thionamides 

often with a family history of autoimmune thyroid disease, makes the diagno
sis of Graves' disease exceedingly likely. This can be confirmed by diffuse 
uptake of isotope on a thyroid scan and by the presence of thyroid autoanti
bodies. If on clinical grounds the diagnosis of a multinodular or solitary nodule 
cannot be confidently made, then again an isotope scan will demonstrate the 
presence of a multinodular goitre or a solitary toxic nodule. In patients with 
solitary toxic adenomata the treatment of choice is radioactive iodine and 
there is no role for antithyroid drugs. In patients with a toxic multinodular 
goitre, our own preference again is to use radioactive iodine except in situa
tions where (1) the size of the goitre is a cause for concern, in which case 
antithyroid medication is used to establish euthyroidism prior to partial 
thyroidectomy, or (2) in patients with severe disease in whom drugs may be 
indicated prior to radioiodine. In our own clinic, therefore, the main role for 
antithyroid drugs is in the treatment of hyperthyroid Graves' disease, and it is 
in this context that these drugs are considered in this chapter. 

c. Pharmacokinetics 
Propylthiouracil (PTU) is well absorbed after oral administration, with peak 
serum levels being achieved about 60min after ingestion (Table 1). Its serum 
half-life is approximately 60-120min, and is not affected by hyperthyroidism, 
or by hepatic or renal disease. The majority of the drug is bound to albumin. 
After its breakdown into its native metabolites by the liver it is excreted by the 
kidneys. The duration of action is between 12 and 24h and this depends largely 
on its intrathyroidal concentration rather than on serum levels. 

MMI and CBZ are also completely absorbed from the gut, with peak 
serum levels being achieved approximately 60-120min after ingestion (Table 
1). Their serum half-life ranges between 6 and 8h and these are again not 
influenced by hyperthyroidism or renal disease, but, in contrast to PTU, the 
half-life of these drugs is increased by severe liver disease. Negligible amounts 
of MMI are protein bound and its inactive metabolites are excreted by the 
kidneys. The duration of action of MMI depends on the intrathyroidal drug 
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Table 1. Pharmacology of antithyroid drugs 

Absorption 
Bioavailability 
Peak serum level 
(dose related) 
Serum protein binding 
Serum half-life 
Intrathyroidal concentrations 

Propylthiouracil 

Rapid 
",100% 
60 min 

>75% 
60-120 min 
Unknown 

Intrathyroidal turnover Moderate 

Metabolism in illness (influence on drug half-life) 
Hyperthyroidism Nil 
Renal Nil 
Liver Nil 

Excretion 
Crosses placenta and 
breast epithelium 
Potency 

Duration of action 

Renal 
Minimal 

1 

12-24h 

Methimazole 

Rapid 
",100% 
60-120 min 

Nil 
6-8h 
5 x 1O-5 moVI 
(in hyperthyroid phase) 
Slow 

Nil 
Nil 
Prolonged 
Renal 
Yes 
(not protein bound) 
>10 
(more potent inhibitor 
of thyroid peroxidase) 
>24h 
(can be given once daily) 

levels achieved and these are much higher than in serum with a much slower 
turnover and, therefore, a duration of action which is greater than 24 h. 

D. Mechanism of Action 
In restoring euthyroidism and inducing remlSSlOn in patients with 
hyperthyroid Graves' disease, the antithyroid drugs act predominantly to in
hibit the crucial thyroid follicular cell enzyme thyroid peroxidase (TPO), thus 
interfering with thyroid hormone biosynthesis (TAUROG 1991). In addition, in 
patients with Graves' disease, they may influence the autoimmune response 
and in so doing may contribute to controlling the disease by immunosuppres
sion (RATANACHAIYAVONG and MCGREGOR 1985). 

I. Inhibition of TPO 

1. Thyroid Hormone Synthesis 

Thyroglobulin (TG), the precursor of thyroid hormones, is a large, tyrosine
containing glycoprotein. Following transcription and mRNA translation, the 
TG is glycosylated and thence packaged in the Golgi apparatus of the thyroid 
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follicular cell into exocytotic vesicles. These vesicles fuse with the follicular 
cell apical membrane and so release TG into the follicular lumen. Iodination 
of the tyrosine residues of TG takes place at this apical surface. Iodide is 
actively transported (trapped) from the extracellular fluid into the follicular 
cell. Within the cell this inorganic iodide is incorporated into the tyrosine 
residues of TG (organified). This process is mediated by TPO - a membrane
bound haemoprotein, in the presence of hydrogen peroxide (H20 2). The iodi
nated tyrosine residues of TG combine (couple) to form iodothyronines so 
that two diiodotyrosines (DIT) combine to form thyroxine (T4), and a DIT 
molecule coupled with a monoiodotyrosine (MIT) forms triiodothyronine 
(T3). As well as being important in the initial formation of iodotyrosines, TPO 
is essential for the coupling process. Thyroid peroxidase therefore catalyses all 
steps in the synthesis of T3 and T4. 

2. Drug Action 

The antithyroid drugs do not inhibit iodide transport (nor do they block the 
release of preformed, stored thyroid hormone). Instead, like iodide, they are 
actively trapped by the thyroid follicular cell. Their roles in inhibiting thyroid 
hormone synthesis depend on their ability to influence TPO-mediated iodine 
oxidation and organification and iodothyronine coupling (TAUROG 1991). In 
the presence of iodine, the drugs compete with tyrosyl residues of TG for 
oxidised iodine, thus diverting oxidised iodine away from TG (TAUROG and 
DORRIS 1989). Ultimately the drugs themselves are oxidised and degraded. 
The effect of thionamides is dependent on their concentration and on the 
concentration of iodine. At low drug concentration, inhibition of TPO is 
transient and reversible. In contrast at high drug concentrations their iodina
tion becomes irreversible. The converse is true in the context of iodide concen
tration: irreversible inhibition of hormone biosynthesis as a result of TPO 
inactivation by antithyroid drugs is counteracted by high iodine concen
trations. This may explain why in countries with a high dietary iodine in
take antithyroid drugs are less effective in establishing and maintaining 
euthyroidism, and relapse following cessation of these drugs is much more 
common. 

Small amounts of antithyroid drugs bind to TG following oxidation thus 
altering its structure and function. The thionamides may also inhibit TG 
synthesis and thyroid follicular cell growth. Additionally, PTU but not CBZ or 
MMI block the peripheral conversion of T4 to T3. 

II. Immunological Effects 

1. Graves' Disease 

Hyperthyroid Graves' disease is the commonest form of hyperthyroidism in 
areas of the world where iodine intake is adequate. The disease is an organ
specific autoimmune disease and as such occurs commonly in association with 
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other members of this group of diseases and in families in which there is 
commonly a history of Graves' disease or of an organ-specific autoimmune 
disease. The disease is due to autoantibodies which, by binding to the thyroid 
follicular cell basement membrane thyrotropin (TSH) receptor, stimulate thy
roid cell function by activation of the thyroid follicular cell adenyl ate cyclase 
system, which is linked to the TSH receptor (WEETMAN and MCGREGOR 1994). 
The disease is more common in women, particularly in the childbearing years, 
and may present for the first time following pregnancy. Characteristically 
because of the immunological changes that occur during pregnancy, the dis
ease tends to improve at this time though exacerbation is likely in the postpar
tum period. Untreated disease does, in some individuals, remit spontaneously 
but observations of the natural history of the disease prior to the availability of 
appropriate therapies provided clear evidence of significant morbidity and 
even mortality when untreated. On these grounds the advice to patients is that 
their disease should be controlled and in Europe the first line of treatment for 
controlling the disease is still the antithyroid drugs. 

2. Drug Action 

a) Graves' Disease 

In patients with hyperthyroid Graves' disease treated with antithyroid drugs, 
levels of TSH receptor antibody (but not non-thyroidal autoantibodies, 
MCGREGOR et al. 1982) can be shown to decline as the disease is treated, 
whether or not the patient is maintained euthyroid by the addition of thyrox
ine supplementation (MCGREGOR et al. 1980). Other indirect and fairly non
specific markers of the aberrant autoimmune response in Graves' disease such 
as the assessment of circulating levels of T-Iymphocyte subsets show clearly 
that in response to antithyroid drugs there is a return to normal levels of 
the elevated levels of activated T cells and depressed levels of cytotoxic
suppressor cells demonstrable prior to treatment (LUDGATE et al. 1984; 
TOTTERMAN et al. 1987). Additionally, a well-established literature, which long 
pre-dates these observations, demonstrates that in patients treated with 
antithyroid drugs there is a significant diminution of the intrathyroidal lym
phocyte concentration (YOUNG et al. 1976). A recent study, however (PASCHKE 
et al. 1995), has failed to confirm this observation. 

b) Experimental Studies 

No animal models of Graves' disease exist but in animal models of destructive 
thyroiditis, in which the animals have been maintained euthyroid with T4, the 
administration of antithyroid drugs has been shown to reduce the levels of 
circulating autoantibodies as well as the inflammatory infiltrate in their thyroid 
glands (RENNIE et al. 1983; HASSMAN et al. 1985). In vitro studies have con
firmed the in vivo studies, demonstrating that antithyroid drugs do indeed lead 
to the inhibition of autoantibody production by lymphocytes at concentrations 
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capable of being achieved within the thyroid gland of patients with 
hyperthyroid Graves' disease. These effects occur independently of changes in 
thyroid hormone concentrations within the medium in which the cells are 
cultured (WEETMAN et al. 1984b). One explanation for this effect, based on 
considerable data, suggests that antithyroid drugs may be inhibiting the per
oxidase enzyme systems of antigen-presenting cells and thus inhibit the pre
sentation of antigens to lymphocytes. The mechanism for this effect may well 
rely on the ability of MMI to inhibit the generation of oxygen radicals in 
antigen-presenting cells, since these drugs are potent oxygen radical scaven
gers (WEETMAN et al. 1984a). There is no evidence to support the view that 
these drugs interfere with antigen presentation by thyrocytes themselves. An 
alternative or additional immunological explanation for the immunosuppres
sive effects of these drugs is the possibility of a direct effect on the thyroid 
(WEETMAN et al. 1984b; VOLPE et al. 1986). In particular, antithryroid drugs 
inhibit the release of the inflammatory mediators such as reactive oxygen 
metabolites, prostaglandin E2 and interleukin-1a and interleukin-6 from thy
roid cells themselves (WEETMAN 1992; WEETMAN et al. 1992b). The net effect of 
the reduction in these inflammatory mediators might be to reduce the lympho
cytic infiltrate of the thyroid gland itself and as a result perhaps reduce autoan
tibody levels. 

Extensive, reproducible and consistent data demonstrate without doubt 
that antithyroid drugs are immunosuppressive. What remains to be estab
lished is how important this effect is in contributing to the control of the 
hyperthyroidism of Graves' disease. 

E. Clinical Use 
I. Indications 

Antithyroid drugs are indicated in situations in which hyperthyroidism results 
from the overproduction of thyroid hormone in which the aetiology of the 
disease leading to hyperfunction resides within the thyroid. They have little 
role to play in the management of the transient hyperthyroidism of destructive 
thyroiditis, in iodine-induced hyperthyroidism or in factitious hyperthyroidism 
due to the ingestion of thyroid hormone. In all of these settings the uptake of 
radioiodine into the thyroid on a thyroid scan will be suppressed. As has been 
suggested earlier, in the authors' clinical practice antithyroid drugs are the 
treatment of choice for the first episode of hyperthyroidism due to Graves' 
disease but radioactive iodine therapy is seen as being preferable in patients 
with toxic solitary or multinodular goitres. Since over 75% of patients present
ing with hyperthyroidism do so because of Graves' disease, the use of 
antithyroid drug medication is common. Special consideration needs to be 
given to the use of these drugs in relation to pregnancy, when used in conjunc
tion with radioactive iodine and in the setting of severe hyperthyroidism 
(thyroid storm), and these issues are considered in subsequent sections. 
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II. Adverse Effects 

Minor adverse events are reported in 5%-10% of the population of patients 
taking antithyroid medication (Table 2). Most commonly this includes pruritus 
with or without a rash. Arthralgia and a low-grade fever may also develop. 
These effects are considered to be due to an allergic reaction to the antithyroid 
drug and usually occur shortly after the onset of treatment. Two alternative 
approaches to the management of this situation are possible; either the patient 
can be advised to persevere with the drug since the symptoms usually abate 
with time, or if the symptoms are intolerable and not responsive to local 
treatment then it is worth substituting CBZ for PTU or vice versa. If similar 
reactions develop with the second preparation there is no option but to con
sider radioiodine. 

The most serious side effect is agranulocytosis, which is rare, being re
ported in less than 0.25% of patients taking antithyroid medication. It is an 
idiosyncratic reaction but slightly more common with high-dose therapy. The 
incidence is no different whether CBZ or PTU are used. It can occur at any 
time during the treatment course but is much more likely in the first 3 months 
after the initiation of treatment and seems to be more common in older 
patients. The exact pathogenesis remains unknown but may be due to lympho
cyte sensitisation and subsequent antibody production directed against neu
trophils. Agranulocytosis is defined as a neutrophil count of less than 500 x 106/ 

1. The onset is usually very sudden so that routine monitoring of white cell 
counts is unhelpful. Instead all patients should be warned to seek medical 
advice if they develop a fever or sore throat which persists for longer than a 
few days. Treatment consists of immediate withdrawal of the antithyroid drug, 
determination of the total white cell count and differential count, and support
ive measures if indicated. Provided the antithyroid drug is stopped immedi
ately recovery is very likely. Following recovery, recommencement of 

Table 2. Side effects of antithyroid drugs 

Minor (5%-10%) 
Common 

Uncommon 

Major «0.25%) 
Rare 
Very rare 

Pruritis 
Urticarial rash 
Urthralgia 
Fever 
Abnormal taste (methimazole) 
Gastrointestinal upset 
Hypoglycaemia (anti-insulin 

antibodies) 

Agranulocytosis 
Aplastic anaemia 
Thrombocytopenia 
Hepatitis (propylthiouracil) 
Cholestatic jaundice (methimazole) 
Lupus-like syndrome 



196 M. EL SHEIKH and A.M. MCGREGOR 

antithyroid drug therapy is absolutely contra-indicated and treatment with 
radioiodine becomes the favoured alternative. Other serious side effects such 
as hepatitis are exceedingly rare but also warrant permanent discontinuation 
of antithyroid drug treatment. 

III. Administration and Use 

1. Graves' Disease 

a) International Therapeutic Practices 

Despite the fact that antithyroid drug treatment has been available since the 
mid-1940s, we still remain surprisingly ignorant about how best to use these 
medications (FELDT-RASMUSSEN et al. 1993; Ross 1993). A number of key 
questions still cause considerable controversy and as a result practices 
throughout the world remain variable. A key contributor to resolving the 
problem is the enormous variability in iodine intake which exists between 
Japan, North America and Europe. Against this background the questions 
which require answering are: (1) Are antithyroid drugs or radioiodine the 
treatment of choice for a first episode of hyperthyroid Graves' disease? If 
antithyroid drugs are to be the first line of treatment then (2) which is the drug 
of choice? (3) What is the ideal dose? (4) How frequently should the drug be 
given and (5) for how long should treatment be maintained? 

In a recent survey in which questionnaires were sent to members of the 
American, European and Japanese Thyroid Associations, 77% of Europeans, 
88% of Japanese but only 30% of Americans used drug therapy as first-line 
treatment for an initial episode of hyperthyroid Graves' disease (GUNOER et 
al. 1987; SOLOMON et al. 1990; W ARTOFSKY et al. 1991 and Table 3). In the 
United States, therefore, the majority prefer radioiodine. In Europe and Japan 
either CBZ or MMI is the drug of choice whereas in North America when 
drugs are used PTU is the drug of choice. 

Table 3. Surveys: European vs. American vs. Japanese 
Thyroid Associations. Treatment of hyperthyroid Graves' 
disease. (Modified from WARTOFSKY et al. 1991) 

Index patient 
Female; 43 years; first episode; completed family; 
diffuse enlarged (4(}'" 50 g) thyroid, minimal eye signs 

Treatment - first line 

ETA 
ATA 
JTA 

Antithyroid drugs 

77% 
30.5% 
88% 

22% 
69% 
11% 

Surgery 

1% 
0.5% 
1% 
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b) Antithyroid Drugs 

a) Dose, Frequency and Duration. Two main regimens are adopted for the 
administration of antithyroid drugs. In the first, the so-called titration regimen, 
patients are commenced on a high dose of antithyroid drug treatment until 
euthyroidism is achieved and then the dose of antithyroid drug is titrated 
against the clinical and biochemical thyroid status so that patients are 
maintained on the lowest possible dose of antithyroid drug medication needed 
to sustain euthyroidism. In contrast, the blocking and replacement regimen 
relies on the administration of a fixed high dose of antithyroid drug therapy 
with the subsequent addition of T4 once euthyroidism is achieved so that the 
patient is thereafter maintained euthyroid on a combination of antithyroid 
drug and T4. 

/3) Titration Regimen. The adoption of this treatment schedule assumes that 
by using a smaller dose of medication the risk of likely side effects from the 
drugs will be minimised. Starting doses of 30-40mg CBZ per day or 100mg 
three times a day of PTU are usual and these are reduced over the subsequent 
few months as euthyroidism is achieved. Most patients end up being 
maintained on 5-lOmg CBZ or 50-100mg PTU a day and may take these 
doses for up to 2 years. The major disadvantage of such a regimen is the need 
for relatively frequent re-assessment of thyroid function and, therefore, the 
need for frequent reattendance at outpatient clinics. Additionally the 
requirement that patients take medication long term is often associated with 
problems of poor compliance. 

y) Block and Replacement Regimen. Whether the use of a high dose of 
antithyroid drug ensures that these agents are therefore able to act not only by 
inhibiting thyroid hormone synthesis but also by reducing the autoimmune 
response in Graves' disease remains controversial (ROMALDINI et al. 1983): 
There is no doubt, however, that at doses of CBZ of 40mg daily, the levels of 
MMI achieved in the thyroid gland during the hyperthyroid phase of the 
disease (JANSSON et al. 1983) are certainly immunosuppressive. An important 
advantage of this regimen is the fact that once patients are established on a 
fixed dose of antithyroid drug coupled with T4, euthyroidism can be 
maintained without the need for frequent visits to the clinic for clinical and 
biochemical assessment of their thyroid function. Additionally, at least in 
environments where iodine intake is normal rather than excessive, it is clear 
that using such a regimen for longer than 6 months does not increase the 
likelihood of a more favourable disease outcome (WEETMAN et al. 1994), 
though this has not been the experience of all groups (ALLANNIC et al. 1990). 

On the grounds, therefore, of reduced need for follow-up and shorter 
duration of treatment, our preference is for a 6-month block and replacement 
regimen. Sufficient data exist to suggest that once daily CBZ is as effective as 
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taking the compound more frequently (RoTI et al. 1989) and our own practice 
is to use CBZ at a dose of 40mg (2 x 20-mg tablets) once a day for 6 months 
with the addition of a T4 supplement (usually of 50-100,ug daily) once 
euthyroidism has been maintained (usually at 6-8 weeks). The advantage of 
CBZ over PTU in this setting is that there is not the need with CBZ to take the 
medication three times daily as is the case with PTU. Patient compliance with 
once daily medication for only 6 months is excellent. In a large multicentre 
European study (REINWEIN et al. 1993) in which 10mg MMI daily was com
pared with 40mg MMI daily, with both groups being supplemented with T4 
where needed, remission rates in the two groups of patients were no different 
and side effects were higher in the group of patients receiving the higher dose 
of MMI. The study needs to be interpreted with some caution because of the 
very high drop-out rate of patients from the study and because of the enor
mous variability in iodine intake across Europe, with some centres involved in 
the study being in areas of iodine deficiency and others being in areas of 
relative iodine excess. 

c) Resting the Thyroid 

The conventional role of adding T4 to antithyroid medication to maintain 
euthyroidism was extended in a study by HASHIZUME and collegues, who 
examined the potential benefits of T4 itself on reducing the subsequent recur
rence of hyperthyroidism (HASHIZUME et al. 1991). Two groups of patients 
were treated for 6 months with MMI at a dose of 30mg daily and then divided 
into two groups which received either a small dose of lOmg MMI with placebo 
or a similar dose of MMI in conjunction with lOO,ug T4. The treatment was 
continued for a year and thereafter the MMI was stopped and the patients 
continued for a further 3 years with the one group continuing on T4 alone and 
the other on placebo (Table 4). Only 1.7% of the T4-treated group relapsed 
whereas 34.7% of the placebo-treated group were shown to relapse. Interest
ingly the TSH receptor antibody levels continued to decline in the group 
treated with T4 but not in the group treated with placebo. The authors sug
gested that T4 administration resulted in TSH suppression and that this in
duced a reduction in TSH receptor antibody activity and therefore the 

Table 4. Administration of thyroxine in treated Graves' 
disease. (Modified from HASHIZUME et al. 1991) 

MMI + T4 or placebo -18 months 
Continue T4 (0.1 mg) or placebo 
Follow-up 3 years 
Results - in T4-treated group 
1. J. TSH receptor antibodies 
2. Relapse rate 

T4 group - 1.7% (n = 1) 
Placebo group - 34.7% (n = 17) 
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frequency of relapse of Graves' disease. The term "resting the thyroid" has 
been coined to describe this phenomenon, whereby giving T4 exogenously 
seems to have a dramatically beneficial effect on the subsequent outcome of 
Graves' disease. 

These studies were performed in Japan, an area of high iodine intake, and 
in a population of patients who differ markedly in their immunogenetic back
grounds as defined by HLA antigens. It has been important therefore to see 
whether these results could be confirmed elsewhere since the dramatic reduc
tion in relapse rates suggested by HASHIZUME and colleagues would require a 
major reconsideration of the way in which we use antithyroid drugs in the 
management of Graves' disease. Initial attempts to repeat these observations 
have not been encouraging and an increasing number of observations have 
failed to confirm the results. TAMAI and colleagues (1995) also from Japan, in 
a not strictly comparable study, examined the influence ofthe addition ofT4 to 
MMI on TSH receptor antibody activity. They failed to show any difference in 
the rate of fall of antibody activity whether patients were treated with MMI 
alone or MMI with T4 supplementation. More recently, the first comparable 
published evidence seems to provide little support for the Hashizume observa
tions, at least in Caucasians in an area of normal iodine intake. In studies from 
Edinburgh in Scotland (McIVER et al. 1996), there was no benefit of T4 admin
istration following withdrawal of antithyroid medication on either the onset or 
the frequency of recurrence of hyperthyroidism following cessation of treat
ment. Nor was there any influence of T4 on TSH receptor antibody activity. 
The considerable scepticism that has surrounded the concept of "resting the 
thyroid" is increasingly supported by data which suggest little benefit from 
such a regimen. 

d) Subsequent Follow-up 

Having commenced patients on antithyroid drug medication and provided 
them with the necessary information on the adverse effects and the need to 
seek urgent medical advice should any such problems arise, patients are then 
seen again at 6-8 weeks after commencing on antithyroid drug treatment. 
If a block and replacement regimen is adopted then once euthyroidism is 
achieved T4 can be added, and if 4 weeks later patients are clinically and 
biochemically euthyroid there may be no further need to see them until they 
have completed their 6-month course of antithyroid medication. In patients 
being treated with a titration regimen the need to monitor them clinically and 
biochemically at 4- to 6-week intervals, as their maintenance dose is reduced, 
requires regular visits throughout the period of treatment, which may be for up 
to 2 years. 

Crucial to the assessment of patients, whatever the regimen, is consider
ation of their eyes. Whilst clinically apparent Graves' ophthalmopathy may 
only be present in 50% of patients with hyperthyroid Graves' disease, with this 
being apparent in the majority of patients around the time of their presen-
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tation with hyperthyroidism, nevertheless in a significant proportion 
ophthalmopathy may develop during the treatment of their hyperthyroidism 
and patients need to be aware of this possibility and to return to the clinic if 
problems arise. 

In summary, therefore, follow-up of patients is designed to establish clini
cal and biochemical euthyroidism, to respond to any adverse events, to moni
tor ophthalmopathy which is present or may develop during treatment, and 
once treatment is complete to then remain alert to the possibility of subse
quent relapse. Whatever the mode of therapy used with antithyroid drugs 
remission rates of greater than 50% are unlikely to be achieved (HEDLEY et al. 
1989 and Table 5), and are likely to be influenced by iodine intake (SOLOMON 
et al. 1987 and Table 6). 

e) Prediction of Relapse 

A huge literature has evolved on trying to identify clinical, biochemical, immu
nological or genetic markers which might predict the likelihood of subsequent 
relapse following treatment with antithyroid drugs for hyperthyroid Graves' 
disease (WEETMAN et al. 1986; SCHLEUSENER et al. 1989; BENKER et al. 1995). 
The benefits of such information would be enormous in, on the one hand, 
suggesting that there would be no worth in using antithyroid drugs in some 
patients because of the certainty of relapse, and on the other one could with 
confidence reassure patients, having had a course of antithyroid drugs, that 
long-term follow-up was unnecessary because they were cured. However, no 
markers have been identified which make such confident statements possible. 
A few clinical observations have stood the test of time; patients who are older, 
male, with large goitres, particularly if they fail to reduce in size during the 

Table 5. Recurrent hyperthyroidism in Graves' disease -
life-table analysis in 434 patients following anti-thyroid 
drugs. (Modified from HEDLEY et al. 1989) 

Recurrence within (years) 

1 
5 

10 

Recurrence rate (%) 

40 
58 
61 

Table 6. Remission rates with anti-thyroid drug therapy: 
continuing influence of iodine intake? (Modified from 
SOLOMON et al. 1987) 

Year of study 

1973 
1987 

Relapse 
rate (%) 

86.0 
49.3 

Slice of bread 
iodine contents (J.1g) 

150 
32 
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course of antithyroid medication, are more likely to relapse and those that do 
relapse tend to have higher levels of TSH receptor antibody activity at the time 
of completion of their course of treatment. The considerable effort that has 
been devoted to looking for markers which predict relapse following anti
thyroid drugs, particularly those which might provide such an indication be
fore treatment commences, has not born fruit. 

f) Subsequent Management 

Since at least 50% of patients treated with antithyroid drugs relapse following 
cessation of their medication, strategies need to be in place for the subsequent 
management of the recurrence of hyperthyroidism in this group. A significant 
group of physicians will still resort to further courses of antithyroid medication 
and even long-term maintenance of such patients On small doses of CBZ with 
all the inconvenience, cost and compliance problems associated with such an 
approach. Our OWn view is to take a very different attitude. We have been 
impressed in our practice by the significant reduction in the frequency with 
which we see severe ophthalmopathy in patients with hyperthyroid Graves' 
disease. This contrasts with our experience with patients referred to us with 
severe ophthalmopathy from other centres in which very characteristically 
there is a long history of hyperthyroidism with frequent recurrences following 
multiple courses of antithyroid drug therapy. We have therefore adopted the 
approach in which we offer patients only a single course of antithyroid drug 
medication and if they relapse after 6 months of our blocking and replacement 
regimen, then depending On their age, thyroid size, and the presence or ab
sence of ophthalmopathy, they are offered either radioiodine ablation or 
partial thyroidectomy. We are not keen to treat patients who have evidence of 
active ophthalmopathy with radioactive iodine because of fear of exacerbation 
of their eye disease (TALLSTEDT et al. 1992 and Table 7). In this group we 
prefer to control their disease with antithyroid drugs and then once euthyroid 
to recommend partial thyroidectomy. Likewise in patients with large goitres 
in whom radioiodine is unlikely to be effective we recommend partial 
thyroidectomy. In young women who have yet to complete their families we 

Table 7. Occurrence of ophthalmopathy after treatment of 
Graves' hyperthyroidism. (Modified from TALLSTEDT et al. 
1992) 

Patients (n = 168) 
Two groups (20-34 years, 35-55 years) 
Random assign - MMI, surgery; 1311 
T4 - to all in MMI, surgery groups 

- to all 1311 who became hypothyroid 
Ophthalmopathy development (within 24 months) 

MMI 10% 
Surgery 16% 
1311 33% 
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prefer to recommend partial thyroidectomy but if radioiodine is their pre
ferred choice, then we prescribe this and advise the women not to become 
pregnant for 6 months after their radioiodine. In using radioiodine we are keen 
to use an ablative dose so that post-radioiodine hypothyroidism is established 
early and patients can be treated with T4 early and thence be discharged from 
follow-up. 

2. Drug Usage with Radioiodine 

Because of concern that the use of radioiodine may exacerbate hyper
thyroidism (RADIOIODINE AUDIT SUBCOMMITTEE 1995) with marked release of 
thyroxine due to radiation thyroiditis, there may be an indication for the use of 
antithyroid drugs in patients with severe hyperthyroidism who are being 
treated with radioiodine (COOPER 1994). Since patients treated with 
antithyroid drugs prior to the administration of radioiodine seem to be more 
resistant to radioactivity, there is a need to consider giving a higher activity of 
radioiodine in this setting. If antithyroid drugs are to be used they should be 
discontinued at least 2 days prior to the administration of radioiodine since 
their effect lasts for 24h or longer, and if there is the intention to continue the 
antithyroid medication after the radioiodine this should not be recommenced 
for at least 3 days after the administration of the dose (BURCH et al. 1994). It 
makes sense in patients who are at risk, that is those with severe disease or who 
are elderly or known to have heart disease, to cover their radioiodine with 
antithyroid drugs before and after the administration of the radioiodine as 
suggested above. If such a regimen is adopted the patients need to be followed 
carefully in the succeeding 4-8 weeks so that the drugs are stopped before any 
risk of hypothyroidism results. Preventing hypothyroidism developing may 
have important implications for the prevention of subsequent ophthalmopathy 
(TALLSTEDT et al. 1992, 1994). 

3. Drug Usage in Pregnancy 

Characteristically patients with hyperthyroid Graves' disease show improve
ment of their disease during pregnancy with exacerbation in the postpartum 
period. Against this background the likelihood of problems with hyper
thyroidism during pregnancy is small. When women with Graves' disease 
become pregnant whilst taking antithyroid medication or develop hyper
thyroidism during pregnancy, the use of antithyroid drugs in a blocking and 
replacement regimen is absolutely contraindicated. Whilst the mother may 
remain euthyroid, the high levels of antithyroid drugs crossing the placenta 
induce hypothyroidism and goitre formation in the baby. In this setting, there
fore, titration of the dose against the mother's thyroid function is essential with 
the aim of achieving the lowest dose possible to maintain her euthyroid. In 
many women it may be possible to withdraw antithyroid medication in the 
third trimester because of the improvement in the disease characteristic of 
pregnancy. Either CBZ or PTU may be used. Exacerbation in the postpartum 
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period may require larger doses of antithyroid medication and though both 
CBZ and PTU enter the breast milk there is no contraindication to breast 
feeding. 

4. Thyroid Storm 

Thyroid storm is said to exist when the severity of the hyperthyroid state is 
such that it is life threatening with evidence of major organ failure (TIETGENS 
and LEINUNG 1995). Whilst exceedingly rare, the situation is fatal if untreated. 
The pathogenesis remains unknown. The clinical presentation of severe 
hyperthyroidism often with fever, dysrhythmia, cardiac failure and mental 
state changes are characteristic. Often a precipitating event can be defined 
such as infection or severe stresses such as major illness or major surgery. 
Treatment is designed to correct the hyperthyroidism, treat the precipitating 
event and, where indicated, treat organ failure. In treating the hyper
thyroidism PTU is used to inhibit thyroid hormone synthesis and the peri
pheral conversion of T4 to T3• If PTU cannot be given orally it may need to 
be given by nasogastric tube. A loading dose of 600-1000mg is followed by 
200-250 mg every 4 h. Once thyroid hormone synthesis has been inhibited by 
PTU (2 to 3h after PTU administration), there is a need to block the release 
of pre-formed thyroid hormone and this is achieved with inorganic iodine. 
This is administered orally or again by a nasogastric tube as Lugol's solution 
given as 30 drops/day in three to four divided doses. 

F. Conclusions 
Antithyroid drugs have been available for clinical use since the 1940s. Used 
appropriately they are remarkably safe and effective in controlling 
hyperthyroidism though in the best hands, despite a wide variety of regimens, 
relapse rates of 50% are the norm. Considerable controversy and ignorance 
still abound in seeking to define the best way to use these agents. Our view is 
that we should make their use as simple as possible and use them for as short 
a time as is possible to achieve the maximum benefit. We aim also to ensure 
patient cooperation and compliance. In this context using CBZ once a day in 
a blocking and replacement regimen for a maximum of 6 months is optimal 
in achieving an acceptable remission rate with minimal patient inconvenience. 
In those patients that do relapse we believe that disease cure is in their best 
interest not only because of the subsequent convenience but also because of 
the reduced likelihood of development or worsening of their ophthalmopathy. 
Whilst the mechanism of action of these drugs is well understood and likely to 
be predominantly directed at inhibiting thyroid hormone synthesis, neverthe
less a considerable body of evidence has accumulated which suggests that they 
may also have immunosuppressive effects. That these effects occur is not in 
doubt but their impact on the control of hyperthyroidism in patients with 
Graves' disease remains to be established. 
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CHAPTER 9 

Effect of Lithium on the Thyroid Gland 
J.H. LAZARUS 

A. Introduction 
The history of the introduction of lithium into medicine has been reviewed by 
JOHNSON (1984). Lithium was discovered in 1817 and accounts for about 
0.006% of the earth's crust. It belongs in Group IA in the Periodic Table of 
Elements but shares some physical properties with magnesium (Group IIA). 
The main use of lithium in therapeutics is in the treatment and prophylaxis of 
manic depressive psychosis. In the first half of the twentieth century lithium 
was used as a salt substitute in patients with cardiac failure but severe toxicity 
prevented its acceptance. In 1949 J.F.J.CADE, an Australian psychiatrist, 
noticed that guinea pigs who had been given lithium urate during an investiga
tion into the role of uric acid in manic patients became less startled. This led 
to the trial administration of lithium to manic depressive patients (CADE 1949) 
and then to the widely acclaimed studies of SCHOU and colleagues in defining 
the clinical effectiveness of this ion in psychiatry (SCHOU et a1. 1954; SCHOU 
1957). 

In 1967 the occurrence of goitre in patients receiving lithium was men
tioned at a conference in Denmark and these data were reported in 1968 by 
SCHOU and others (SCHOU et a1. 1968). Since then a large number of clinical and 
experimental studies on the effect of lithium on thyroid physiology have been 
performed and reviewed (LAZARUS 1986a; BAGCHI and BROWN 1988; 
DRUMMOND et a1. 1988; ST. GERMAIN 1988; HASSMAN and MCGREGOR 1988; 
KUSHNER and WARTOFSKY 1988; SPAULDING 1989; CHOW and COCKRAM 1990). 
This chapter will discuss the effects of lithium on thyroid physiology and the 
clinical effects on thyroid function in psychiatric patients. The clinical useful
ness of the drug in the management of thyroid disease is also discussed. 

B. Effect on Thyroid Physiology 
I. Iodine Concentration 

Lithium reduces the radioiodine uptake into rat thyroid in vivo (BURROW et a1. 
1971) and in vitro (HULLIN and JOHNSON 1970) and a similar depressant effect 
on the iodide-concentrating mechanism is seen in quail thyroid (DOWNIE et a1. 
1977) and mouse salivary gland (LAZARUS and MUSTON 1978). Lithium is itself 
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concentrated by the thyroid at levels three to four times that in plasma 
(BERENS et al. 1970a). The relationship of the thyroidal lithium-concentrating 
mechanism to the iodide-concentrating process is not clear but lithium has 
been found to be concentrated in mouse salivary glands, which also actively 
concentrate iodine, perhaps suggesting a common pathway. In humans, 
lithium administration has been reported to result in both a reduction and an 
increase in thyroidal radioiodine uptake (BERENS et al. 1970b). The possible 
reasons for this are that lithium causes iodide retention and the increase in 
uptake may also be due to thyroid-stimulating hormone (TSH) secreted as a 
result of lithium-induced hypothyroidism. 

II. Intrathyroidal Effects 

There is evidence that lithium inhibits the coupling of iodotyrosines to form 
iodothyronines in rat thyroid homogenates (see Chap. 4, this volume). How
ever, although thyroid hormone synthesis may be impaired, total iodination is 
not reduced as total iodoacid concentrations are not changed following lithium 
administration (MANNISTO 1973). Some workers (COOPER et al. 1970; 
LJUNGGREN et al. 1971) have not found any intrathyroidal blocking effects and 
it is probable that they are of less importance than other thyroidal actions of 
the ion. Indeed, in man there is no effect of lithium on the perchlorate dis
charge test, although if the sensitivity of this test is increased by iodide admin
istration, positive tests are seen (ANDERSEN 1973). In view of this it is possible 
that lithium may increase the patient's sensitivity to added iodine, leading to 
an increase in the thyroid to serum iodide ratio and thereby producing an 
organification block. Any block produced by lithium alone is very small com
pared to iodide. Lithium may alter thyroglobulin structure by affecting protein 
conformation and function (SINGER and ROTENBERG 1973), resulting in the 
minor iodotyrosine coupling defects, but no inhibitory effect of lithium has 
been observed on the biosynthesis or degradation of thyroglobulin in the rat 
(BAGCHI et al. 1978). 

III. Effect on Thyroid Hormone Secretion 

SEDVALL et al. (1968) were the first to postulate that lithium might act on the 
thyroid by inhibiting the release of thyroid hormone after noting a reduction 
in protein-bound iodide in lithium-treated patients when the iodide uptake 
was increased. A reduction in 1311 release rate has been found in rats given 
lithium (BERENS et al. 1970b) and reduced thyroxine (T4) release was demon
strated in both euthyroid and hyperthyroid patients receiving the drug (BUR
ROW et al. 1971). T4 release is controlled by TSH; in sheep and bovine thyroid 
membranes lithium reduced TSH-stimulated activity by about 50% although 
basal cyclic AMP (cAMP) levels were not altered (BURKE 1970). The lithium
induced block was inversely related to the magnesium concentration in the 
medium, suggesting that lithium competes with magnesium at a magnesium-
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binding site on the adenylate cyclase enzyme. When lithium was given to mice 
in vivo, it inhibited the action of TSH on dibutyryl cAMP-stimulated 1311 
release from in vitro mouse thyroid, suggesting that the block is distal to 
cAMP formation (WILLIAMS et al. 1971). The process of thyroid hormone 
secretion involves a decrease in colloid droplet formation together with a 
number of complex steps involving the degradation of thyroglobulin 
(BJORKMAN and EKHOLM 1990). As mentioned, lithium has little effect on 
thyroglobulin hydrolysis in the iodine replete state, but does alter tubulin 
polymerization (BHAlTACHARYYA and WOLFF 1976), which may account for its 
inhibitory effect on hormone secretion. 

IV. Effect on Peripheral Thyroid Hormone Metabolism 

Under physiological conditions, deiodination accounts for 80% of total T4 
turnover, this process being mediated by three specific deiodinase enzymes 
(Chap. 4, this volume; HENNEMAN et al. 1994). The significant decrease in T4 
clearance from plasma in patients receiving lithium, first reported over 20 
years ago (SPAULDING et al. 1972; CARLSON et al. 1973), may be due to inhibi
tion of thyroid hormone secretion, thereby inducing a decrease in type I 5' 
deiodinase activity. Lithium causes a decrease in T4 deiodination in rat liver 
(Voss et al. 1977). Tissue culture experiments examining the effect of lithium 
on T4 deiodination have shown significant inhibitory effects of lithium on T4 to 
tri-iodothyronine (T3) conversion in mouse neuroblastoma cells and GH3 cells 
(ST. GERMAIN 1987). Similar data have been obtained in rats; their clinical 
relevance is questionable because of the high doses of lithium used in some 
experiments, although suggestive data have been obtained in man (TERAO 
et al. 1995). 

Recently, administration of lithium to rats for 14 days has been shown to 
affect intracellular metabolism of thyroid hormones in the frontal cortex of the 
rat by increasing the type II deiodinase enzyme and decreasing the type III 
enzyme (BAUMGARTNER et al. 1994a). This raises the question as to whether 
these effects of lithium on thyroid hormone metabolism in the central nervous 
system may be involved in the mood-stabilising effects of the drug similar to 
results obtained for other psychotropic agents (BAUMGARTNER et al. 1994b). 
However, it is still not clear whether these changes in deiodinase activity result 
from a direct action of lithium on the brain or from a reduction in serum T4 
levels leading in turn to a rise in type II deiodinase activity. 

c. Effect on the Hypothalamic-Pituitary Axis 
Lithium is concentrated in the pituitary gland as well as the hypothalamus 
(PFEIFER et al. 1976) and may interfere with cell metabolism in those tissues as 
a result of this. In addition there are data to suggest that lithium, which is 
known to inhibit inositol-1-monophosphatase, thereby altering signal trans-



210 J .H. LAZARUS 

duction, is capable of exerting significant effects on inositol lipid metabolism in 
cultured GH3 pituitary ceIIs when these are exposed to lithium concentrations 
seen in treated patients (DRUMMOND et al. 1988). In cross-sectional studies 
there are numerous reports (MCLARTY et al. 1975; TANIMOTO et al. 1981; 
LAZARUS et al. 1981) showing that lithium therapy in psychiatric patients 
results in an exaggerated TSH response to thyrotrophin-releasing hormone 
(TRH) in at least 50%-100% of patients (Fig. 1). Approximately 10% of 
patients so studied have an elevated basal TSH and non-manic patients treated 
with lithium also have high basal and stimulated TSH levels. Basal prolactin 
concentrations are not raised in manic and non-manic patients on lithium but 
they do show exaggerated responses to TRH. While these effects may be due 
to the feedback effect of reduced thyroid hormone levels, the latter are not 
always low. The effect of the ion on pituitary thyroid hormone receptors may 
also be a cause of the observed changes (see below). The enhancing effect of 
lithium on TRH-induced prolactin release could also be related to a decrease 
in the sensitivity of dopamine receptors to stimulation by catecholamines, but 
there are no firm experimental data to support this view at present. 

In a recent longitudinal study in which thyroid function was investigated in 
12 euthymic bipolar patients who had normal thyroid function and no circulat-
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Fig. I. Serum TSH response to 200,ugi.v. TRH administered at time 0 in 34 male and 
39 female patients receiving lithium carbonate. Normal TSH response is shown by area 
within the heavy black lines. Abnormal responses are seen in 49.3% of patients. [From 
LAZARUS et al. (1981) with permission from Cambridge University Press] 
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ing thyroid antibodies, a significant rise in basal TSH was found in 83% and a 
rise in TRH-stimulated TSH was observed in 11 after 12 months of therapy. 
However, the impairment of the hypothalamic-pituitary axis was temporary 
in most cases, adjusting to a new level of control during lithium therapy 
(LOMBARDI et a1. 1993). In 28 depressed patients maintained on lithium for a 
mean of 12 months, it was found that TSH levels were normal and only levels 
of reverse T3 were raised (BAUMGARTNER et a1. 1995). Interestingly, the efficacy 
of lithium prophylaxis was significantly correlated with serum T3 suggesting, in 
the author's view, an interaction with thyroid hormone metabolism in the 
brain. TRH tests were not done in this study so it is difficult to compare with 
others. Nevertheless, the data from this and other groups suggest that TSH 
and thyroid hormone abnormalities which are seen in lithium therapy do 
return to normal after years of treatment. 

D. Lithium and Cell Function 
Lithium has many actions on the cell (LAZARUS 1986b), including effects on 
ATPase activity, cAMP activity, intracellular enzymes, inositol phospholipid 
metabolism and cell growth (Table 1). The inhibitory effect of lithium on 
inositol phospholipid metabolism is mainly mediated by the ability of the 
cation to inhibit uncompetitively the enzyme inositol (1,4) P2 I-phosphatase 
(HALLCHER and SHERMAN 1980). This results in alteration of many intracellular 
inositol metabolites, thus affecting signal transduction. Intense interest in this 
action of lithium has occurred and it is thought that its action on these path
ways particularly located at the site of G proteins may account for the thera
peutic effect in manic depression (AVISSAR et a1. 1988). Lithium may be 
capable of modulating the function of G j proteins coupled to insulin-like 
growth factor-1 (IGF-1) receptors during the G(l) phase of the FRTL-5 rat 
thyroid cell cycle (TAKADA et a1. 1993). Lithium induces end organ resistance 
to TSH in intact cells at least partly due to inhibition of adenylate cyclase by 
lithium. MACNEIL et a1. (1993) have suggested that lithium interferes with 
intracellular cross-talk influences such as inositol metabolism rather than the 

Table 1. Effect of lithium on cellular metabolism 

Agent 

Cyclic AMP 

Intracellular enzymes 
Inositol phospholipid metabolism 
Cell growth 

Effect 

Variable 
Increased in some tissues 
Decreased in others 
Inhibits adenylate cyclase-cAMP system in many 

tissues, e.g. thyroid, brain, kidney 
Mostly inhibitory 
Inhibition of inositol-l-monophosphatase 
Modulates function of many growth factors 
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adenylate cyclase enzyme directly. Further work is required to determine the 
multiple effects of the cation on intracellular signal transduction. 

Lithium stimulates DNA synthesis in thyroid cells under basal conditions 
as well as after stimulation by IGF-1; this growth stimulation may partly 
explain the goitrogenic action of lithium (TSUCHIYA et al. 1990). Recently, the 
same group has shown that lithium may require the activation of a particular 
genistein-sensitive kinase, possibly a tyrosine kinase, to induce cell prolifera
tion in FRTL-5 cells (TAKANO et al. 1994). 

E. Immunological Effects on Thyroid Function 
Lithium affects many aspects of both cellular and humoral immunity 
(LAZARUS 1986c; HART 1993). For example, addition of lithium to peripheral 
human lymphocytes enhanced the response of these cells to mitogens 
(SHENKMAN et al. 1978). It also stimulates interleukin-2 production, and 
inhibits suppressor T cells and increases the secretion of immunoglobulins 
by B cells (WEETMAN et al. 1982). Lithium can either enhance or inhibit 
mitogen-induced stimulation of lymphocytes in vitro depending upon the 
concentration of mitogen and lithium used (FERNANDEZ and Fox 1980). The 
ion is also known to cause involution of the thymus and spleen (JANKOVIC et al. 
1979) as well as neutrophilia and lymphopenia (LEVITT and QUEENSBURY 
1980). 

From the clinical point of view it has been noted that some patients 
receiving lithium for affective disorders develop newly diagnosed autoimmune 
disease or suffer exacerbation of existing autoimmune disease although this is 
not the case for all autoimmune diseases (HART 1993). Numerous studies 
(EMERSON et al. 1973; LAZARUS et al. 1981; ALBRECHT and HOPF 1982) have 
noted a high proportion of patients receiving lithium to have detectable 
antithyroid antibodies and it has been shown that lithium therapy is associated 
with a rise in antibody levels in patients who have positive antibodies before 
starting lithium (LAZARUS et al. 1985). In normal control subjects lithium 
administration does not cause any development of antithyroid antibodies but 
does induce a rise in soluble interleukin-2 receptor level (RAPAPORT et al. 
1994). Although there are many studies of the effect of lithium on thyroid 
antibodies in humans, it has been less intensively evaluated in animal models 
of thyroid disease. Lithium, at pharmacologically relevant serum concentra
tions, augmented the development of autoimmune thyroid disease in female 
August strain rats immunised with thyroglobulin (Fig. 2). Thyroglobulin anti
body production was enhanced during the induction of disease and lithium 
also caused a more rapid disappearance of these antibodies as the disease 
resolved. This experiment shows that lithium can exert both positive and 
negative influences on experimental autoimmune thyroiditis (HASSMAN et al. 
1985). It may influence the uptake of thyroglobulin by macrophages and its 
subsequent presentation to T cells and may stimulate the increased proportion 
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Fig. 2. Influence of lithium on experimental autoimmune thyroid disease in female 
August rats. Rats were immunised by injection of rat thyroglobulin and Freund's 
adjuvant (groups A, B) . Immunological activity was measured by the concentration of 
circulating antithyroglobulin antibody. [From HASSMAN et al. (1985) with permission 
from Blackwell Science Publications] 

of helper T cells to produce antibody. While there must be caution in the 
interpretation of animal data in relation to human disease, these experiments 
suggest that lithium does have significant effects on the course of autoimmune 
thyroid disease, although the mechanisms are still not clear. 

F. Effect on Thyroid Hormone Action 
Since the identification and cloning of the thyroid hormone nuclear receptors, 
much data has emerged on the details of thyroid hormone action (see Chap. 6, 
this volume). Central to this action is the specific binding of T3 to these nuclear 
receptors, thereby initiating transcription and production of messenger RNA. 
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Briefly, there are four thyroid hormone receptor (TR) isoforms: TRJ31, TRJ32 
and TRa1, which mediate thyroid hormone action and have differential tissue 
distribution, and TRaz, which may actually inhibit the function of the other 
receptors (OPPENHEIMER et al. 1994). BOLARIS et al. (1995) have reported that 
lithium causes an increase in nuclear T3 binding in rat cerebral hemisphere and 
liver. These authors proposed that lithium exerts its action by inducing "cellu
lar hypothyroidism". In a more detailed study of the effects of lithium on gene 
expression of thyroid hormone receptors in rat brain it has been found that 
repeated lithium treatment increased TRal mRNA in rat cortex, decreased 
TRal mRNA in the hypothalamus and had no effect on this isoform in the 
cerebellum, hippocampus or striatum. A significant increase in THRJ3 levels 
was also seen in the hypothalamus. In contrast, lithium treatment had no effect 
on the expression of THRaz in any of the brain regions examined. It remains 
to be determined whether the effects observed on thyroid hormone receptor 
gene expression are related to the therapeutic value of lithium and/or any 
thyroidal effect (HAHN et al. 1995). Further work in this new area is awaited 
with interest. 

G. Clinical Effects on the Thyroid 
I. Goitre 

SCHOU et al. (1968) reported the occurrence of goitre in 12 of 330 manic 
depressive patients treated with lithium between 5 months and 2 years. The 
calculated incidence of goitre was 4 %/year on continuous lithium, compared 
to a 1 % incidence in the general population of a separate community 
(Copenhagen). More recent discussion of the prevalence of lithium-associated 
goitre is available (WOLFF 1978; MANNISTO 1980; LAZARUS 1986a). There is 
considerable variation in the estimates due to the population sample, observer 
experience and method of diagnosing goitre. An overall prevalence in 876 
patients was 6.1 % (WOLFF 1978) and 5.6% in 1257 patients (MANNIS TO 1980). 
Some groups, however, have found no goitre (SEDVALL et al. 1969; COOPER and 
SIMPSON 1969; MYERS et al. 1985) while others (FIEVE and PLATMAN 1968; 
LAZARUS et al. 1981; MARTINO et al. 1982) have found incidence rates of 30%, 
37% and 60%, respectively. If imaging techniques such as scintiscanning or 
ultrasound are used, significant thyroid enlargement was noted when thyroid 
volume after 3 months of lithium treatment was compared to pretreatment 
values (LAZARUS and BENNIE 1972). Interestingly, this was observed in normal 
female volunteers after 28 days of lithium therapy but not in males (PERRILD 
et al. 1984). 

Clinically the goitre is smooth and non-tender. It may develop within 
weeks of starting lithium therapy (BURROW et al. 1971), but others have stated 
that it may take months to years of lithium treatment (MANNISTO 1980). The 
mechanism of thyroid enlargement is due to the initial inhibition of thyroid 
hormone release (see below), which results in an increase in TSH leading to 
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thyroid enlargement. Although an increase in serum thyroglobulin is seen in 
subjects with non-toxic goitre, this was not the case in normal women given 
lithium for 4 weeks (PERRILD et al. 1988). This is consistent with the finding 
that lithium causes inhibition of endocytosis (MILONI et al. 1983), resulting in 
accumulation of colloid and thyroglobulin within the thyroid. The chronic 
effect of lithium on the release of thyroglobulin is not known. 

The goitrogenic effect of lithium is also seen in the rat (SANGVI et al. 1975). 
Here the main histological feature is an increase in follicular diameter and a 
decrease in follicle cell height (HELTNE and OLLERICH 1973). Limited observa
tions in humans have shown that all follicles had pronounced pleomorphism of 
the epithelial cells and marked nuclear changes (F AUERHOLDT and VENDSBORG 
1981). 

II. Hypothyroidism 

Hypothyroidism was not a feature of the first patients to be recorded who had 
goitre associated with lithium therapy, but subsequent case reports then 
started to appear (ROGERS and WHYBROW 1971). The clinical presentation of 
hypothyroidism in lithium-treated patients is not different from that seen in 
other forms of hypothyroidism. Subclinical hypothyroidism may also occur 
and this should be considered in a patient who is not showing a good response 
to lithium. Symptoms of the condition may appear within weeks of starting 
lithium but may not occur for many months or even years and may include the 
unusual or atypical features such as myxoedema coma (WALDMAN and PARK 
1989). The female to male ratio is about 5: 1 and it does appear that there is a 
significantly higher incidence of hypothyroidism in females even when com
pared to the normally expected higher incidence of this condition in the 
general population (KUSHNER and W ARTOFSKY 1988). Prevalence figures for 
lithium-induced hypothyroidism vary widely depending on the popUlation 
studied and on differences in clinical and laboratory evaluation. In a review of 
16 reports totalling 4681 patients, the prevalence was 3.4% (range 0%-23.3%; 
LAZARUS 1986a). 

More recently, in following 116 patients for 2 years, BOCCHETTA et al. 
(1992) concluded that while elevated TSH concentrations were transitory in 
most patients, the risk of developing hypothyroidism was higher in women 
with thyroid antibodies. Clearly, the presence of thyroid antibodies is an 
important determinant of hypothyroidism in lithium-treated patients although 
the inhibitory action of the drug on thyroid hormone release may account for 
those cases of hypothyroidism which recover to the euthyroid state. The 
prevalence of thyroid antibodies in patients on long-term lithium therapy has 
been reported to vary between 10% and 33% (LAZARUS 1986a) - it now seems 
unlikely that lithium can significantly induce the de novo production of thyroid 
antibodies but there is evidence (LAZARUS et al. 1985) that lithium therapy is 
associated with a rise in antibody titre in patients who already are antibody 
positive at the start of treatment. 
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With regard to other factors which may influence the development of 
hypothyroidism, it has been shown that iodine and lithium can act synergisti
cally to produce hypothyroidism (SHOPSIN et al. 1973). Variations in iodine 
status, dietary goitrogens, immunogenetic make-up and their interactions in 
the setting of chronic lithium therapy contribute to the variable pattern of 
expression of hypothyroidism in different ethnic groups and areas (LEE et al. 
1992). Thus the pathogenesis of lithium-induced hypothyroidism is either 
autoimmune or by direct action of lithium on hormone secretion leading to 
goitre and hypothyroidism. 

III. Hyperthyroidism 

Despite the general suppressive effect of lithium on thyroid function, a signifi
cant number of cases of hyperthyroidism have been reported. The first case 
was reported from New Zealand (FRANKLIN 1974). Since then there have been 
a further 40-50 cases described (LAZARUS 1986a; CHOW and COCKRAM 1990; 
CHOW et al. 1993; PERSAD et al. 1993; BARCLAY et al. 1994). Review of the 
clinical characteristics of lithium-associated thyrotoxicosis in 24 patients 
showed that it occurred after many years of lithium therapy in most but not all 
patients. The aetiology of the hyperthyroidism included Graves' disease, toxic 
nodular goitre and silent thyroiditis. Recently a case of granulomatous 
thyroiditis associated with lithium therapy was described (SINNOT[ et al. 1992) 
and the thyroid histology in another case (MIZUKAMI et al. 1995) showed 
extensive follicular destruction with no lymphocytic infiltration. Lithium 
might therefore directly damage thyroid cells with consequent release of 
throglobulin and thyroid hormones into the circulation. 

It is clearly probable that lithium treatment could mask underlying 
hyperthyroidism by reduction of thyroid hormones such that when lithium is 
stopped hyperthyroidism will appear. Whether lithium induces autoimmune 
hyperthyroidism by, for example, producing thyroid-stimulating antibodies is 
not known and the reported cases have been thought to be chance events. 
However, BARCLAY et al. (1994), in a careful epidemiological study of 14 cases 
of lithium-associated thyrotoxicosis from New Zealand, concluded that long
term lithium therapy is associated with an increased risk of thyrotoxicosis. 
Nine of the 14 patients in this series had autoimmune thyrotoxicosis although 
TSH receptor antibody measurements were not available. The others had 
toxic nodular goitre and it is possible that lithium-associated thyrotoxicosis in 
these patients was due to a maladaptation to disturbed iodine kinetics with a 
possible escape phenomenon after expansion of the intrathyroidal iodine 
pool. 

An intriguing report of the association of lithium therapy with 
exophthalmos was made by SEGAL et al. (1973). This eye sign was observed in 
10% of his patients and 25% of 73 patients studied by LAZARUS et al. (1981). 
Both of these reports did not have accurate measurement of the eye changes 
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and the possible mechanisms are unclear. Nevertheless, it is interesting that 
the eye signs regressed when lithium was discontinued in a case of a bipolar 
patient who developed thyrotoxicosis with severe exophthalmos while on 
lithium (BYRNE and DELANEY 1993). 

H. Clinical Use in Thyroid Disease 
The discovery that the main action of lithium on the thyroid gland is to inhibit 
thyroid hormone release led to an early successful trial of the drug in 
hyperthyroidism (TEMPLE et al. 1972a). The secretion rate of iodide and hor
monal iodine was reduced by 30%-85% within 12h of achieving a therapeutic 
level of lithium. Further studies showed that lithium alone produced a de
crease in serum thyroxine concentration of between 21 % and 35% after 6-14 
days of treatment (TEMPLE et al. 1972b; GERDES et al. 1973; LAZARUS et al. 
1974). Unlike iodide, lithium can be given for as long as 6 months to thyrotoxic 
patients without any danger of the "escape" as seen with iodide (LAZARUS 
et al. 1974). 

When lithium was compared to carbimazole in the treatment of 
thyrotoxicosis (KRISTENSEN et al. 1976), it was found not to be superior in its 
ability to achieve rapid control of the disease but combination therapy with 
lithium and carbimazole was more effective than carbimazole alone in terms of 
reduction of thyroid hormone concentrations (TURNER et al. 1976; HEDLEY et 
al. 1978). In view of the earlier reports of synergy between lithium and iodide 
(SHOPSIN et al. 1973; SPAULDING et al. 1977), the combination of lithium and 
iodide in the treatment of thyrotoxicosis was studied by BOEHM et al. (1980). 
They proposed that the effect of lithium in inhibiting colloid droplet formation 
exerted a maximal effect itself and iodine inhibition of thyroglobulin hydroly
sis could not improve on this. Lithium then is an effective agent for rapidly 
lowering thyroid hormone levels in thyrotoxic patients and may be indicated in 
patients who cannot receive thiocarbamide antithyroid drugs (EULRY et al. 
1977) or for pre-operative preparation (MOCHINAGA et al. 1994; TAKAMI 1994). 

When lithium is administered a few days before 1311 therapy for hyper
thyoidism, thyroid retention of the isotope is increased and hyperthyroidism is 
ameliorated more rapidly than with 1311 alone. However, there is no long-term 
advantage in the hypothyroid rate. It is possible that this approach may reduce 
the total body radiation dose to the patient (BROWNLIE et al. 1979). Because of 
the delayed thyroidal 1311 release and the effectiveness of the lithium 1311 
combination in treating hyperthyroidism, it was suggested that lithium would 
be a useful adjunct in the management of differentiated thyroid carcinoma. An 
increase in biological half-life and whole body retention of l311 has indeed been 
observed (GERSHENGORN et al. 1976), but the clinical outcome of the disease 
has not been significantly altered and this strategy has not been generally 
adopted. 
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Summary 
Lithium has many actions on thyroid physiology. The most important is the 
inhibition of thyroid hormone release. This may result in the development of 
goitre and hypothyroidism. Independent effects on the hypothalamic pituitary 
thyroid axis and the receptor-mediated mechanism of thyroid hormone action 
may contribute to this picture. The effect of lithium on inhibition of cyclic 
AMP mediated cellular events and its inhibitory effect on the phosphoinositol 
pathway help to explain the intracellular disturbances but the full mechanisms 
are still not clear. The immunological influence of lithium on thyroid anti
body concentrations leads to a more rapid onset of thyroid autoimmunity 
characterised usually by goitre and hypothyroidism but possibly also a state 
of hyperthyroidism in some cases. Lithium is an effective treatment for 
hyperthyroidism in certain clinical indications and may also be administered in 
conjunction with 1311 in the management of hyperthyroidism or thyroid cancer. 
However, the long-term results of such therapy do not appear to confer 
any clinical advantage over conventional treatment. The relationship of the 
effect of lithium on cerebral thyroid hormone metabolism to the psychotropic 
effects of the drug is uncertain at present and further research in this area is 
indicated. 
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CHAPTER 10 

Amiodarone and the Thyroid 
W.M. WIERSINGA 

A. Pharmacology of Amiodarone 
Amiodarone was synthesized in 1961 by TONDEUR and BINON in the Labaz 
Laboratories in Belgium. It is a benzofuran derivative related to the obsolete 
vasodilator khellin. Characteristic structural features of the drug are its high 
iodine content and its resemblance to thyroxine. It was originally introduced in 
1962 in clinical medicine for the treatment of angina pectoris, but later the 
drug was found to be very efficacious in the treatment of cardiac arrhythmias. 
It is mainly used as a potent antiarrhythmic drug for the suppression of life
threatening ventricular arrhythmias refractory to other agents. More recently, 
amiodarone has also been used successfully in the treatment of atrial fibrilla
tion and severe congestive heart failure. The toxicity of the drug, however, 
precludes widespread prescription in less severe cardiac diseases. 

I. Physicochemical Properties 

The molecular constitution of amiodarone, a diiodinated benzofuran derivate, 
is given in Fig. 1. It is an amphophilic drug with hydrophilic (tertiary amine) 
and lipophilic (benzofuran and diiodinated benzene ring) moieties. It has 
a normal pK. for a tertiary amine, indicating that, at physiological pH, 
amiodarone is essentially ionized. The molecular weight of amiodarone and its 
main metabolite desethylamiodarone (DEA) are 645.32 and 617.27, respec
tively. The drug is prescribed as amiodarone hydrochloride (MW 681.82); the 
salt contains 94.65% of the free base. Amiodarone contains 39.33% iodine by 
weight, amiodarone chloride 37.25%. 

II. Pharmacokinetics 

The first pharmacokinetic studies of amiodarone in humans were done by 
BROEKHUYSEN et al. in 1969 using l3lI-labelled amiodarone. Their data indi
cated a very long elimination half-life, a large volume of distribution and an 
extensive tissue distribution. Although this study is open to criticism because 
only total radioactivity was measured, and consequently the fate of iodine 
rather than of amiodarone was evaluated, subsequent studies in the 1980s 
using sensitive and specific high-performance liquid chromatography (HPLC) 
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I 

~~-{ ~O-CH,-CH'-N<~~: 
o C.Hg I 

Fig. 1. Molecular constitution of amiodarone (chemical name: 2-butyl-3-[3, 5-diiodo-4-
(J3-diethylaminoethoxy)-benzoyl] benzofuran) 

methods for analysis of amiodarone and DEA have largely confirmed these 
initial findings (ANDREASEN et a1. 1981; PLOMP et a1. 1984). The assay of serum 
amiodarone and DEA by the HPLC method is now widely used (JANDRESKI 
and VANDERSLICE 1993). 

1. Absorption and Bioavailability 

Absorption of amiodarone tablets in humans is slow. Following a single 400-
mg oral dose peak plasma concentrations of amiodarone (Cmax 0.37 ± 0.22).lgl 
ml) are reached after 5 h (tmax 4.8 ± 1.5 h); bioavailability was 31 ± 26% (PLOMP 
et a1. 1984). There is a linear relationship between oral dose and plasma 
concentration with marked variation between subjects. The low oral 
bioavailability might be due to incomplete absorption across the intestinal 
mucosa (probably related to poor dissolution characteristics of the drug) 
(HOLT et a1. 1983) or due to first-pass metabolism of amiodarone in the 
intestinal mucosa (N-dealkylation) and the liver (MASON 1987). 

2. Plasma Kinetics 

A single intravenous dose of 400mg amiodarone administered to human vol
unteers provided the following kinetic data (PLOMP et a1. 1984): the decline in 
plasma amiodarone concentration was best described by a triexponential de
cay equation with a mean terminal half-life (tl12) of 34 ± 27h. Mean plasma 
clearance was 245 ± 120ml/min, and mean apparent steady-state volume of 
distribution 376 ± 3721. Following a single oral dose of 400mg amiodarone, the 
tl12 was 32 ± 21 h. In patients on a mean maintenance dose of 440 ± 253 mg for 
a mean period of 9.1 months, the mean plasma concentrations of amiodarone 
were 1.85 ± 1.17 ).lglml and of DEA 1.35 ± O.71).lglml, with an overall mean 
amiodarone/DEA ratio of 1.37. After discontinuation of long-term 
amiodarone treatment the mean elimination half-lives of amiodarone and 
DEA were 40 ± 10 days and 57 ± 27 days, respectively (PLOMP et a1. 1984). 
Other studies report essentially similar results (BERGER and HARRIS 1986). 

In the circulation amiodarone is bound 96.3 ± 0.6% to plasma proteins, 
predominantly to albumin (62.1 %); the remaining part is carried on a high 
molecular weight protein, probably ,B-lipoprotein (BERGER and HARRIS 1986). 
There is one high-affinity amiodarone binding site per albumin molecule (Ka 
5.6 x 1061/M), and 4.4 additional low-affinity binding sites (Ka 1.9 x 1051/M), 
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which apparently are not utilized in whole serum (LALLOZ et al. 1984). 
Amiodarone leaves the plasma to bind extensively with most tissues of the 
body. The various stages of the distribution phase suggest that the drug is 
firstly taken up into well-perfused organs, whereas poorly perfused tissues 
such as fat form the stock or "deep" compartment of amiodarone. The large 
volume of distribution (106 ± 38l/kg) is in agreement with the extensive 
distribution of the drug. The slow turnover of amiodarone from the deep 
compartment explains the exceptionally long terminal half-life, and results in 
a low total plasma clearance for amiodarone of the order of 150ml/min 
(BERGER and HARRIS 1986). 

3. Tissue Distribution 

Concentrations of amiodarone and DEA in human tissues obtained at autopsy 
are reported in various studies; a typical example is given in Table 1. Highest 
levels are found in adipose tissue, liver and lung; moderate levels occur in 
heart and kidneys, and lowest levels in muscles, thyroid and brain. The major 
metabolite DEA follows the same pattern of widespread tissue distribution as 
the parent drug. Tissue contents of DEA are higher than of amiodarone in all 
tissues except fat. The steady-state partition coefficient of amiodarone and 
DEA in fat, liver and pulmonary tissue relative to plasma ranges from 100 
to above 1000. The myocardial concentration of amiodarone is 10--50 times 
that in plasma, but develops slowly indicating the necessity for loading doses 
(MASON 1987). 

As for the subcellular distribution, amiodarone medication induces cyto
plasmic multilamellar inclusion bodies in many tissues including human myo
cardium (SOMANI 1989). Direct and indirect evidence obtained both in vivo 
and in vitro indicate an intralysosomal localization for amiodarone and 
DEA (HONEGGER et al. 1993). This comes as no surprise since amiodarone 
belongs to the group of cationic amphiphilic substances which accumulate in 
lysosomes. 

Table 1. Tissue distribution of amiodarone (A) and 
desethylamiodarone (DEA) in human autopsies' 

Tissue 

Adipose tissue 
Liver 
Lung 
Kidneys 
Heart 
Muscle 
Thyroid 
Brain 

316 
391 
198 

57 
40 
22 
14 
8 

DEA (flglg) 

76 
2354 

952 
262 
169 
51 
64 
54 

AlDEA 

4.2 
0.12 
0.21 
0.22 
0.24 
0.43 
0.22 
0.15 

• Figures are mean concentrations of seven to nine 
observations (HOLT et al. 1983). 
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4. Metabolism 

There appear to be five metabolic pathways which alone or in combination 
can explain all identified metabolites of amiodarone: N-dealkylation, 
deiodination, O-dealkylation, hydroxylation and glucuroconjugation (BERGER 

and HARRIS 1986). Although some quantitative differences exist between spe
cies, qualitative differences are minor. 

a) N-Dealkylation 

The major metabolite is DEA, resulting from N-dealkylation of the parent 
drug (Fig. 2). Subsequent N-dealkylation leads to the primary amine 
desdiethylamiodarone, which has been detected in dogs but barely in humans. 

Compound Rl R2 

desethylamiodarone C)1 H 
2 desdiethylamiodarone H H 
3 monoiodoamiodarone C2f-\ C2f-\ H 

4 desdiiodoamiodarone C2f-\ C2f-\ H H 

5 desethyldesdiiodoamiodarone C2f-\ H H H 

R3 

Qx8-{ ~OH 
o C.H9 R. 

Compound R3 R4 

6 L3373 I I 

7 L6424 H 

8 L3372 H H 

Fig.2. Molecular constitution of amiodarone metabolites. Top panel, deethylated and 
de iodinated derivates of amiodarone; bottom panel, 2-butyl-3( 4-hydroxy-benzoyl) ben
zofuran derivates 
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In humans, DEA concentration in the portal vein is higher than in the hepatic 
vein; this suggests that orally administered amiodarone undergoes extensive 
N-dealkylation during its pass in the gut lumen or across the intestinal mucosa 
(BERDEAUX et al. 1984). Little DEA is found after acute intravenous or oral 
dosing. Due to the drug's affinity for adipose tissue and its large volume of 
distribution, approximately 15 g is necessary to saturate the large body stores 
(PODRID 1995). 

b) Deiodination 

The presence of deiodinated amiodarone metabolites might be expected from 
studies reporting the excretion of free iodide in the urine during amiodarone 
therapy (ANDREASEN et al. 1981). Monoiodoamiodarone, desdiiodoam
iodarone and desethyldesdiiodoamiodarone have indeed been detected in 
human plasma, lung and liver samples (FLANAGAN et al. 1982; BERGER and 
HARRIS 1986) (Fig. 2). 

The pharmacokinetic profile of organic and inorganic iodine has been 
determined in healthy subjects after a single oral dose of 600mg amiodarone 
(BERGER and HARRIS 1986). Plasma organic iodine reached peak levels of 
0.54 mg/l after 5-6 h. The contribution of unchanged amiodarone to plasma 
organic iodine decreased from 64% at 1 h to 8% at 72h, and DEA contributed 
only 14% at 40h. Unidentified iodinated metabolites of amiodarone therefore 
composed the main part of plasma organic iodine. Plasma inorganic iodide 
(usually lower than 0.01 mg/l) reached peak levels of 0.14mg/l after 4h, its 
elimination rate apparently being limited by its rate of formation from organic 
iodine. 

In patients on a maintenance dose of 300mg amiodarone daily, plasma 
inorganic iodide was increased 40-fold (from 0.05 ± O.01.umol/1 to over 2.umol/ 
1) (RAO et al. 1986). In this study 24-h urinary iodide excretion was increased 
40-fold from 270 ± 50.ug (2.14 ± O.4.umol) to 11000 ± 900.ug (87 ± 7.umol). 
Another study reports similar steady-state data in three patients on a daily 
amiodarone dose of 3.6, 6.4 and 8.6mg/kg (STAUBLI et al. 1983). Only 15%, 
11 % and 8%, respectively, of the iodine ingested as amiodarone was excreted 
per 24 h. Thus, for a subject with a body weight of 70 kg, a daily oral dose of 
252,448 or 602mg amiodarone, respectively, results in a urinary iodide excre
tion between 14000 and 18 000.ug/24 h. This is 47-60 times higher than the 
upper limit of the optimal daily iodine intake of 150-300.ug recommended by 
the WHO. The pharmacological quantities of iodine released during the 
biotransformation of amiodarone consequently must be considered as chronic 
iodine excess. 

c) O-Dealkylation and Hydroxylation 

O-dealkylation leads to compound L3373, which is subject to further 
deiodination (Fig. 2). Hydroxylation may occur in the benzofuran ring. These 
metabolites so far have not been identified in human tissues. 
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d) Glucuroconjugation 

Using 14C-Iabelled amiodarone, glucuro- and arylsulphoconjugated metabo
lites excreted in the bile represented about 55% of the radioactivity in the rat 
and about 40% in the monkey. 

5. Elimination 

a) Bile and Other Body Fluids 

In all species studied including man, biliary excretion and faecal elimination 
account for 65%-75% of the ingested drug (BERGER and HARRIS 1986). 
Amiodarone is extensively metabolized before biliary elimination. Biliary 
concentrations of amiodarone are 20-50 times higher than the serum 
amiodarone levels (ANDREASEN et al. 1981). Urinary excretion is a poor elimi
nation route of amiodarone; urinary concentrations of amiodarone and DEA 
are very low (0.029mgll and 0.149mgll, respectively) in patients with normal 
renal function under chronic treatment (HARRIS et al. 1983). Neither 
amiodarone nor DEA are detected in dialysis fluid in patients on 
haemodialysis. 

Amiodarone and DEA are also excreted in other biological fluids such 
as sweat, saliva (saliva amiodarone concentrations are about 2% of the 
corresponding serum levels), tears (amiodarone is excreted into tear fluid 
above a threshold plasma concentration of 1.2.ug/ml) (NIELSEN et al. 1983), 
and semen (in which amiodarone and DEA concentrations are in the order of 
1.ug/ml). 

b) Placental and Milk Transfer 

The transplacental transfer of amiodarone and DEA varies from 10% to 
15% and from 20% to 22%, respectively (ROBSON et al. 1985). The difference 
in maternal-fetal transfer between amiodarone and DEA may be explained 
by differences in protein binding and ionization of both drugs. The placental 
content of amiodarone is of the order of 30-70.uglg, and that of DEA is about 
300-500.ug/g. Plasma concentrations of amiodarone and DEA in the newborn 
are about fourfold lower than those in the mother. Amiodarone and DEA 
are present in breast milk in higher concentrations than in the mother's 
plasma due to their high lipid solubility and weak basic properties. The milk/ 
plasma ratio of amiodarone would thus increase due to ion-trapping, 
because the pH of milk (pH 6.8-7.0) is lower than that of plasma (pH 7.4) 
(PLOMP et al. 1992). Amiodarone concentrations in human breast milk (LO
B .ug/.ul) are higher than of DEA (0.5-5.7.ug/.uI), presumably because the 
metabolite is less lipid soluble and an even weaker base (pKa 5.6) than the 
parent drug (pKa 6.6). The infant's ingestion of amiodarone from breast milk 
has been estimated as 1.5mg/kg per day and that of DE A as 0.6mg/kg per day, 
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which is equivalent to a low maintenance dose of the drug (BERGER and HARRIS 

1986). 

III. Pharmacology 

1. Electrophysiological Effects 

The most important direct electrophysiological effect of amiodarone is prolon
gation of the action potential duration and repolarization time; this prolonga
tion results from inhibition of the potassium ion fluxes that normally occur 
during phase 2 and 3 of the action potential and from prolongation of the 
refractory periods (PODRID 1995). These actions, which occur in all cardiac 
tissue, classify amiodarone as a class III antiarrhythmic agent (SINGH 1983). 
The prolongation of the repolarization time by amiodarone persists at higher 
heart rates. Amiodarone is also a weak sodium channel blocker and slows the 
upstroke velocity of phase 0 of the action potential. This weak class I 
antiarrhythmic activity reduces the rate of membrane depolarization and im
pulse conduction (PODRID 1995). 

Indirect electrophysiological effects of amiodarone are due to its 
antiadrenergic action. Amiodarone acts as a non-competitive a- and f3-
adrenoceptor antagonist. The f3-blocking activity results from a reduction 
in the number of f3-adrenergic receptors (VENKATESH et al. 1986a); the a
blocking activity inhibits the slow inward calcium-ion current (POD RID 1995). 

DEA was found to be electrophysiologically active in vitro and in vivo 
largely in a similar way to amiodarone itself (YABEK et al. 1986; VENKATESH 

et al. 1986a; NATTEL et al. 1988). 

2. Haemodynamic Effects 

Amiodarone causes smooth muscle relaxation. As a result, it dilates coronary 
arteries and increases coronary blood flow. Amiodarone also induces periph
eral arterial vasodilatation and a decrease in systemic blood pressure and 
afterload (PODRID 1995). Although amiodarone has a negative inotropic action 
reducing the force of myocardial contraction, this is offset by the drug's pe
ripheral vascular effects and cardiac output is generally maintained (POD RID 

1995). Amiodarone slows the sinus rate directly and indirectly via its 
antiadrenergic effects. Amiodarone has a favourable effect on the relation 
between supply and demand for oxygen in patients with ischaemic heart 
disease (MASON 1987). 

IV. Pharmacotherapy 

1. Indications for Use 

Amiodarone is a highly effective drug against a wide range of cardiac 
arrhythmias (POD RID 1995). It is primarily used in patients presenting with 
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sustained ventricular tachyarrhythmia, ventricular tachycardia, or ventricular 
fibrillation refractory to other treatment modalities. It is also effective in 
suppressing ventricular arrhythmia and in reducing mortality from sudden 
death and cardiac disease in patients with non-sustained ventricular 
tachycardia and cardiomyopathy. Amiodarone is a reasonable option if 
ventricular tachycardia or ventricular fibrillation occurs in a patient who has 
recently had a myocardial infarction. Amiodarone is effective for atrial 
fibrillation, although most physicians prefer other drugs in this condition 
(MIDDLEKAUFF et al. 1992). Lastly, amiodarone is effective in patients with 
severe congestive heart failure, reducing mortality and hospital admissions 
(DOVAL et al. 1994; SINGH et al. 1995). Some physicians use amiodarone as an 
antianginal agent, especially in patients with refractory angina who are not 
candidates for revascularization (MEYER and AMANN 1993). 

2. Dosing Schedules 

Dosage forms of amiodarone are tablets (containing 100mg or 200mg 
amiodarone hydrochloride) or injections (ampoules of 3 ml, containing 
per ml water 50mg amiodarone hydrochloride, 20mg benzyl alcohol and 
100mg polysorbate 80) (Cordarone). Because of the unique pharmacokinetic 
properties (large volume of distribution) of amiodarone, the onset of the 
drug's action is delayed. In order to achieve efficacy of the drug more quickly, 
a loading dose to saturate the large body stores is frequently required. 
Recommended dosing schedules of oral amiodarone are as follows 
(PODRID 1995): for the treatment of ventricular arrhythmias 1200-1800mg/day 
for 1-2 weeks, then 800mg/day for 2-4 weeks, then 600mg/day for 4 weeks, 
and 200-400mg/day thereafter; for the treatment of supraventricular 
arrhythmias the initial dose is 600-800mg/day for 4 weeks, 400mg/day 
for 2-4 weeks, and 200mg/day thereafter. The duration of loading 
and the optimal dose vary between patients, dependent on efficacy and 
toxicity. For the acute management of life-threatening ventricular arrhythmias 
the intravenous preparation may be helpful, administered as a rapid 
infusion of 5mg/kg body weight over 15-30min and followed by 19/24h 
thereafter. 

The onset of drug activity is associated with typical electrocardiographic 
changes: sinus bradycardia, lengthening of the PR interval, prolongation of the 
QT interval, and the development of a prominent U wave not due to 
hypokalaemia. The therapeutic plasma concentration range of amiodarone is 
not well defined. The lower limit of the therapeutic range appears to be 0.5-
1.0.ug/ml (LATINI et al. 1984). Low values indicate non-compliance or inad
equate dosage. The upper limit of the therapeutic range is difficult to establish 
in view of the delayed appearance of side effects months or years after a steady 
state in plasma has been attained (MASON 1987). The minimal dose of 
amiodarone with sustained antiarrhythmic and haemodynamic activity should 
be explored (MAHMARIAN et al. 1994). 
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V. Toxicology 

1. Nature of Side Effects 

Adverse effects of amiodarone are numerous, involving many organs. Side 
effects occur in approximately 80% of patients, requiring withdrawal of the 
drug in 10%-15% (PODRID 1995). The main side effects are as follows (RAEDER 
et al. 1985; MASON 1987; VROBEL et al. 1989; WILSON and PODRID 1991; PODRID 
1995): 

1. Cardiac: sinus bradycardia, heart block, pro arrhythmia. Aggravation of 
arrhythmia by amiodarone occurs in 2 %-3 % of patients, an unusually low 
incidence for an antiarrhythmic drug which is efficacious against ventricu
lar arrhythmia. 

2. Pulmonary: dysfunction, pneumonitis. The overall incidence is about 6%-
8%. Pulmonary toxicity may occur with the first weeks of treatment, or 
develops slowly after months or years. 

3. Gastrointestinal: anorexia with or without weight loss, nausea with or 
without vomiting, abdominal discomfort, constipation, foul taste, ageusia. 
These symptoms are very common (80%). 

4. Hepatic: abnormal liver function tests (especially elevated aminotrans
ferase and alkaline phosphatase levels), seen in 25%. Fatal hepatitis has 
been reported, but is rare. 

5. Renal: modest increase in serum creatinine in 8.8% of patients. 
6. Neurological: tremor, ataxia, peripheral neuropathy, fatigue and weak

ness, reported in 48% of patients. 
7. Ocular: corneal microdeposits (almost 100%). This universal finding usu

ally does not cause visual disturbances. 
8. Dermatological: photosensitivity and unusual blue-gray skin discoloration 

of exposed areas reported in 55% up to 75%. 
9. Thyroidal: thyrotoxicosis or hypothyroidism, occurring in 14%-18% of 

patients (see Sect. C.1I). 
10. Genital: epididymitis (11 %). 
11. Metabolic: increased blood glucose and increased serum lipids. 

Potentially fatal adverse effects are pulmonary toxicity (with a mortality 
rate as high as 23% once the complication occurs), liver failure due to hepatitis 
(rare), and cardiac reactions (although amiodarone is unique among 
antiarrhythmic agents because of its minimal proarrhythmic and negative 
inotropic properties). Unlike other antiarrhythmic agents, amiodarone 
has not been shown to increase mortality. Neurological, cardiovascular, 
gastrointestinal and pulmonary side effects are the most common reasons 
for discontinuation of amiodarone. Although many of the side effects are 
tolerated by the patients, the accumulation of side effects with longer 
exposure to amiodarone may become intolerable. Withdrawal of amiodarone 
for intolerable side effects thus occurs in a large proportion of patients. 
After discontinuation of amiodarone, its side effects usually disappear 
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slowly; it may take several months until complete resolution is attained, which 
may be explained by the very long elimination half-life of the drug (which 
is in the order of 56 days for amiodarone and 129 days for DEA) (HOLT et al. 
1983). 

2. Pathogenesis of Side Effects 

Although adverse reactions are more common in patients with serum 
amiodarone concentrations greater than 2.5.ug/ml, a great overlap in serum 
amiodarone concentrations is observed in patients with and without toxic 
reactions. Early adverse reactions with high loading doses include gastrointes
tinal and neurological manifestations, which are dose-related and reversible 
with dosage reduction. The life-threatening pulmonary, cardiac and hepatic 
toxicity is not related to dosage or serum concentrations of amiodarone 
(VROBEL et al. 1989). Most side effects, however, develop slowly, and occur 
after the first half year of therapy. It has been reported that the incidence of 
some toxic manifestations (especially in the skin and cornea) is related in a log
linear fashion to the total cumulative dose of amiodarone, rather than to the 
daily dose or total duration of therapy (MASON 1987). This obviously must be 
related to tissue accumulation of amiodarone or its metabolites, since steady
state serum levels have been attained much earlier. Tissue content of 
amiodarone and DEA in humans can be judged from the ubiquitous corneal 
microdeposits (which are related to the total cumulative dose) (NIELSEN et al. 
1983; POLLAK et al. 1989), or measured by HPLC in myocardial biopsies 
(SOMANI 1989). Since amiodarone contains iodine and is taken up in the liver, 
the increased hepatic attenuation on computed tomography scans provides 
an indirect measurement of liver amiodarone and DEA content (NICHOLSON 
et al. 1994). 

The mechanism of amiodarone toxicity is multifactorial. Factors involved 
are the accumulation of amiodarone, DEA or iodine; the development of 
cellular phospholipidosis secondary to phospholipase inhibition; the formation 
of free radicals; or immunological injury (PODRID 1995). The early pulmonary 
toxicity associated with an eosinophilic lung infiltrate is probably due to a 
hypersensitivity reaction to the drug. Anti-amiodarone antibodies have been 
detected in the serum of some amiodarone-treated patients, and side effects of 
amiodarone were prominent in patients with a cumulative dose of amiodarone 
of >100g and a concentration of anti-amiodarone antibodies of >O.6.ug/ml 
(PICHLER et al. 1988). Because the toxic manifestations of amiodarone are 
observed in many organs, it is tempting to consider one single mechanism 
responsible for most of the side effects. Amiodarone as an amphiphilic drug 
has a strong attraction for intralysosomal phospholipids, and the binding of 
the drug and these phospholipids renders them indigestible by phospholipases. 
The bound complexes form the intralysosomal multilamellar inclusion 
bodies, which have been found in lung, liver, heart, skin, corneal epithelium, 
lymph nodes, peripheral nerve fibres and blood leucocytes of patients treated 
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with amiodarone (VROBEL et al. 1989). It results in a rising tissue to plasma 
drug ratio with increasing duration of treatment. The findings suggest a drug
induced phospholipidosis with disturbances of lysosomal function as an expla
nation of the side effects of amiodarone. The theory is in line with the 
increasing toxicity with time and the relation to the cumulative dosage of 
amiodarone. 

3. Prevention of Side Effects 

Prevention of amiodarone toxicity is best performed by limiting treatment to 
patients with a low risk: benefit ratio and using the lowest dose compatible 
with clinical control. Most investigators believe that serum amiodarone and 
DEA concentrations in general do not predict toxic reactions; drug dosage can 
be adjusted to maintain serum amiodarone concentration above 1.0,ug/ml and 
below 2.5,ug/ml (VROBEL et al. 1989). Laboratory tests have in general a low 
predictive value for the development of toxic reactions, although plasma rT3 
levels above 1.62 nmolll might be strongly predictive of subsequent toxicity 
according to some but not all studies (see also Sect. D) (NADEMANEE et al. 
1982; SINGH and NADEMANEE 1983; STEWART et al. 1984; KERIN et al. 1986). 

B. Effects of Amiodarone on Thyroid Hormone Secretion 
and Metabolism 
I. Changes in Plasma Thyroid Hormone Concentrations 

1. Human Studies 

Amiodarone treatment invariably results in changes in plasma concentrations 
of thyroid hormones: the effect is observed in every subject to whom the drug 
is administered (Fig. 3). Typical changes are a decrease in serum T3 and an 
increase in serum rT3' which can be observed 2 weeks after initiation of 
treatment (BURGER et al. 1976; MELMED et al. 1981). The low T3 and high rT3 
levels are maintained during chronic administration of amiodarone 
(PRITCHARD et al. 1975; JONCKHEER et al. 1978; MELMED et al. 1981; AMICO et al. 
1984; SANMARTI et al. 1984; WIERSINGA et al. 1986a); there are only two studies 
which do not find the decrease in serum T3 in patients on long-term 
amiodarone therapy (BOROWSKI et al. 1985; FRANKLYN et al. 1985). At steady 
state, serum T3 is decreased by 10%-26% and serum rT3 increased by about 
170% (AMICO et al. 1984; NADEMANEE et al. 1986; RAo et al. 1986). Serum free 
T3 is approximately 50% lower than in controls (FRANKLYN et al. 1985; 
WIERSINGA et al. 1986a). The opposite changes in T3 and rT3 also occur in 
subjects on thyroxine substitution, suggesting they are caused by inhibition of 
type I iodothyronine-5'-deiodinase (BURGER et al. 1976). 

Another characteristic feature is the increase in plasma T4 and of plasma 
free T4, again an early phenomenon (BURGER et al. 1976; MELMED et al. 1981). 
High levels of plasma T4 and free T4 are sustained during chronic administra-
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Fig. 3. Changes in thyroid function in ten patients on amiodarone treatment. Each 
hormone level (shown as means ± SE) was significantly different from the pretreatment 
value by the end of 3 weeks of treatment. (Reproduced with permission from MELMED 
et al. 1981) 

tion of the drug, being increased on average by 40% (AMICO et al. 1984; 
FRANKLYN et al. 1985; NADEMANEE et al. 1986). Serum albumin and serum 
TBPA (thyroid hormone pre albumin or transthyretin) might be slightly lower 
in amiodarone-treated patients relative to controls, but the serum concentra
tion of TBG (thyroxine-binding globulin) is not affected by amiodarone 
therapy (FRANKLYN et al. 1985). Amiodarone has no influence on the in vitro 
distribution of the radiolabelled iodothyronines T4, T3 and rT3 amongst their 
binding proteins in serum, nor are the binding properties of these proteins 
altered after prolonged treatment with the drug (LALLOZ et al. 1984). In 
accordance, the serum T3 uptake test (T3U) is not affected by amiodarone 
(JONCKHEER et al. 1978) (although slightly lower or higher values have been 
reported (BOROWSKI et al. 1985; WIERSINGA et al. 1986a), and the free thyrox
ine index (calculated as the product of T 4 and T 3 U) is increased in line with the 
increase in total and free plasma T4 (AMICO et al.1984; WIERSINGA et al.1986a). 
An apparent dose-response relationship exists between the cumulative dose of 
amiodarone and plasma T3, but not with plasma T4, rT3' amiodarone or DEA 
concentrations (WIERSINGA et al. 1991). 

The course of plasma thyroid-stimulating hormone (TSH) during 
amiodarone treatment is time dependent. There is an initial rise starting in the 
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first week and lasting for a few months, in which plasma TSH levels may 
increase above the upper normal limit but in general do not exceed a value of 
20mU/I (BURGER et al. 1976; MELMED et al. 1981). The increased plasma TSH 
levels return to the normal range after 3 months, although remaining slightly 
elevated in some cases (MELMED et al. 1981; SANMARTI et al. 1984; NADEMANEE 
et al. 1986). A trend to lower plasma TSH concentrations has been observed 
with prolonged continuation of the drug, related to the cumulative dose 
(JONCKHEER et al. 1978; LAMBERT et al. 1988; WIERSINGA et al. 1991). The TSH 
response to thyrotrophin-releasing hormone (TRH) is changed according 
to the change in basal plasma TSH (WIERSINGA et al. 1986a). Plasma TSH 
increases in hypothyroid patients on stable thyroxine substitution when 
amiodarone is administered (FIGGE and DWHY 1990). After withdrawal of 
amiodarone, it takes a long time before the changes in plasma thyroid hor
mone concentrations are resolved. Plasma levels of T4 and rT3 are still higher 
and of T3 lower than pretreatment levels 6 weeks after discontinuation of 
amiodarone (MELMED et al. 1981). 

Benziodarone (with an ethyl group instead of a butyl group but otherwise 
identical to compound L3373 - see Fig. 2) also decreases serum T3 and in
creases serum rT3 (XANTHOPOULOS et al. 1986). 

2. Animal Stndies 

Amiodarone has been administered to a variety of experimental animals, 
including male and female Wistar rats, Sprague-Dawley rats, Fisher rats and 
white New Zealand rabbits. The drug has been given in a dosage ranging from 
5 to 200mg/kg body weight per day for a period of 1-7 weeks. The route of 
administration was oral (SOGOL et al. 1983; PEKARY et al. 1986; VENKATESH et 
al. 1986b; KASIM et al. 1987; G!ZlTZSCHE et al. 1989; SCHRODER-VAN DER ELST and 
VAN DER HEIDE 1990; DE JONG et al. 1994), by intraperitoneal injection 
(KANNAN et al. 1984; PEARCE and HIMSWORTH 1986; CEPPI and ZANINOVICH 
1989), or by gastric tube (FRANKLYN et al. 1987; HARTONG et al. 1990; 
WIERSINGA and BROENINK 1991; YIN et al. 1992; PERRET et al. 1992). In general, 
these studies are in good agreement with each other and provide similar 
results as in humans on amiodarone therapy: a decrease in serum T3 and an 
increase in serum rT3 and T4. 

The decrease in serum T3 is observed in most studies, and ranges from 
13% to 70%; it is dose dependent (T3 decreased by 13%, 36% and 52% in rats 
treated for 2 weeks with 50, 100 and 150mg amiodarone/kg per day, respec
tively) (WIERSINGA and BROENINK 1991). Serum rT3 increases by 80%-200% 
(KANNAN et al. 1984; PEARCE and HIMSWORTH 1986; SCHRODER-VAN DER ELST 
and VAN DER HEIDE 1990; PERRET et al. 1992), and serum T4 by 35%-104% 
(KANNAN et al. 1984; PEARCE and HIMSWORTH 1986; KASIM et al. 1987; 
SCHRODER-VAN DER ELST and VAN DER HEIDE 1990; WIERSINGA and BROENINK 
1991; DE JONG et al. 1994) also largely in a dose-dependent manner (SOGOL et 
al. 1983; WIERSINGA and BROENINK 1991). When rats are treated with DEA, 
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the decrease in serum T3 and increase in serum rT3 are similar to that of an 
equivalent dose of amiodarone, but DEA does not increase serum T4 signifi
cantly (VENKATESH et al. 1986b; SCHRODER-VAN DER ELST and VAN DER HEIDE 
1990). Serum amiodarone and DEA are not related to serum T4, T3 and rT3 
concentrations. 

With some exceptions (SOGOL et al. 1983; CEPPI and ZANINOVICH 1989; 
PERRET et al. 1992), amiodarone and DEA treatment are associated with an 
increase in serum TSH (PEKARY et al. 1986; KASIM et al. 1987; FRANKLYN et al. 
1987; SCHRODER-VAN DER ELST and VAN DER HEIDE 1990); TSH increased by 
14%,93% and 193% when amiodarone was given for 2 weeks in a dose of 50, 
100 and 150mg/kg per day, respectively (WIERSINGA and BROENINK 1991). 

II. Changes in Thyroid and Extrathyroidal Tissues 

1. Peripheral Tissues 

Both amiodarone and DEA treatment in rats cause major changes in tissue 
contents of thyroid hormones (SCHRODER-VAN DER ELST and VAN DER HEIDE 
1990). Tissue T4 concentration increases in liver, kidney, brain and prostate, 
but not in heart or other organs. Reverse T3 levels are increased in all tissues 
except muscle, DEA having a more pronounced effect than amiodarone. 
Intracellular T3 is dramatically decreased in all tissues by both amiodarone and 
DEA. In organs in which no local conversion of T4 into T3 occurs (such as 
muscle), the decrease in tissue T3 content is in direct proportion to the de
crease in plasma T3. The decrease in T3 content in other organs can be larger 
due to a decrease in locally produced T3 from T4, as observed in the kidney and 
particularly in the liver. These findings suggest inhibition of iodothyronine-5'
deiodination. Type I deiodinase catalyses the 5' -deiodination of T 4 into T 3 and 
ofrT3 into 3,3'-T2 (see Chap. 4, this volume). Although the mRNA ofthe gene 
encoding for type I deiodinase is expressed normally in the liver of 
amiodarone-treated rats (HuDlG et al. 1994), the activity of the enzyme is 
inhibited by amiodarone as evident from various studies. 

The 5' -deiodinase activity can be assayed by measuring the production of 
T3 from T4 added to a tissue preparation. When rats are pretreated with 
amiodarone in vivo, the 5'-deiodinase activity in homogenates of liver, heart 
and kidney is markedly depressed (BALSAM et al. 1978; SOGOL et al. 1983; 
PEKARY et al. 1986; CEPPI and ZANINOVICH 1989; G0TZSCHE et al. 1989). The 
decrease is dose dependent (SOGOL et al. 1983). Interestingly, when 
amiodarone treatment is discontinued, the enzyme activity in liver and kidney 
is restored within days, but remains depressed in the heart for at least 10 days 
(G0TZSCHE et al. 1989). In contrast, if amiodarone is added in vitro to liver or 
heart homogenates of untreated animals, no inhibition of enzyme activity is 
observed (SOGOL et al. 1983; CEPPI and ZANINOVICH 1989). If amiodarone is 
added in vitro to isolated hepatocytes of untreated animals, the enzyme activ
ity is dose dependently inhibited (by 36%, 86% and 100% at amiodarone 
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concentrations of 0.6, 6 and 60 jiM, respectively - a concentration of 6.6 jiM or 
4.5 jig/ml falls within the range observed in humans); cellular T4 uptake was 
also reduced by amiodarone in this study (AANDERUD et al. 1984). 

The discrepancies between the results of in vivo and in vitro experiments 
and between whole cell preparations and homogenates can be reconciled by 
assuming that a metabolite of amiodarone (probably DEA) is responsible for 
direct inhibition of 5'-deiodinase activity and that amiodarone indirectly inhib
its 5'-deiodination by decreasing the availability of the substrate T4. Indeed 
amiodarone inhibits the active transport of T4 and T3 into rat hepatocytes in 
primary culture (KRENNING et al. 1982). 

Finally, amiodarone may affect the number of T3 receptors (see Chap. 6, 
this volume). In the heart of amiodarone-treated rats the maximal binding 
capacity (MBC) of T3 receptors was decreased by 32% without changes in Kd 
(G0TZSCHE and ORSKOV 1994); this was not observed in pigs (G0TZSCHE 1993). 
A recent report describes the mRNAs encoding for the T3-receptor at and /31 
isoforms in cultured cardiac myocytes: in the presence of isoproterenol, both 
mRNAs decreased following the addition of 15 jiM amiodarone (DRvoTA et al. 
1995b). 

2. Thyroid 

a) In Vitro Studies 

DEA is cytotoxic for human thyrocytes in culture; the ECso value is 6.8 ± 
1.1 jig/ml and few cells are left after 24-h exposure to 12.5 jig/ml (20 jiM). 
Amiodarone up to 50 jig/ml (77 jiM) is less cytotoxic, causing a maximum of a 
25% decrease in cell number at 4 days when 5% of amiodarone is converted 
to DEA (BEDDows et al. 1989). Amiodarone at concentrations of ?:.75 jiM 
(?:.48jig/ml) has a cytotoxic effect when incubated for 24h with FRTL-5 cells, 
a rat thyroid cell line that traps but does not organify iodide; potassium iodide 
up to 300jiM has no cytotoxic effect (CHIOVATO et al. 1994). The cytotoxic 
effect of amiodarone in this system is inhibited by dexamethasone and by 
potassium perchlorate (BRENNAN et al. 1995). In primary cultures of human 
thyroid follicles that trap and organify iodide, amiodarone is cytotoxic at 
concentrations of ?:.37.5 jiM and potassium iodide at >100 jiM after 24-h incu
bation; the cytotoxic effect of amiodarone is partially (and that of potassium 
iodide completely) abolished by adding methimazole, a drug that inhibits 
organification (Chap. 8; CHIOVATO et al. 1994). Amiodarone is also cytotoxic 
for cells such as fibroblast that do not trap iodide. Taken together, these 
findings suggest a direct cytotoxic effect of amiodarone on thyrocytes in vitro. 
This is likely to happen also in vivo in view of the substantial tissue accumula
tion of the drug. Given a plasma amiodarone concentration of 3 jiM (1.9 jig/ml) 
and a thyroid/plasma ratio of the drug ranging from 5 to 25, the thyroid 
concentration of amiodarone can be calculated as ranging from 15 to 75 jiM 
(9.5-48 jig/ml). These concentrations are cytotoxic in vitro, and are in the same 
order as those actually observed in amiodarone-treated patients (Table 1). 
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The cytotoxic effect might be due to cellular vacuolation, suggesting 
phospholipidosis. The plasma membrane may be involved because both 
amiodarone and DEA are amphophilic drugs which directly affect the fluidity 
of membranes, related to ionization (CHATELAINE et al. 1985; FERREIRA et al. 
1987). 

In rat FRTL-5 cells, amiodarone inhibits TSH-stimulated cell growth at 
low concentrations (3.75-7.5 11M) that are not cytotoxic (CHIOVATO et al. 1994). 
In dog thyroid slices, O.5mM amiodarone inhibited TSH-stimulated (but not 
basal) glucose oxidation, phosphate incorporation into phospholipids, and 
cAMP production. Inhibition by amiodarone, in contrast to that by inorganic 
iodide, was not prevented by 1 mM methimazole, indicating that the inhibitory 
effects of amiodarone were not caused by release of iodide (PASQUALI et al. 
1990). In isolated dog thyroid cells or membranes, 5-50IlM amiodarone de
creased TSH-stimulated (but not basal or forskolin-stimulated) adenylate cy
clase activity, and increased TSH binding four- to fivefold. Amiodarone 
(lO--lOOIlM) further inhibited TSH- and carbachol-stimulated glucose uptake 
and intracellular [Ca2+] concentration (RANI 1990). These experiments indi
cate direct effects on the plasma membrane, evident within minutes to hours 
after exposure to amiodarone. Long-term exposure of human thyroid follicles 
to amiodarone for 3 days dose dependently decreased the TSH-stimulated 
production of cAMP, thyroglobulin (Tg) and FT3 and increased that of FT4 at 
doses of >6 11M (MASSART et al. 1989). The fall in Tg and FT3 can be explained 
by the inhibition of cAMP, which might be due either to uncoupling between 
the TSH receptor and cyclase (because amiodarone had no effect on forskolin
stimulated adenylate cyclase) or to the generation of iodide from amiodarone 
(since high doses of iodide in vitro and in vivo inhibit TSH-stimulated cAMP 
production). Iodine excess, however, also decreases T4 production and release. 
The amiodarone-induced increase in FT4 production by thyroid follicles is 
consequently most probably due to inhibition of thyroidal 5'-deiodinase, the 
same enzyme which catalyses the production of T3 from T4 in the liver. The 
failure to observe this effect in perfused dog thyroid lobes (LAURBERG 1988) is 
probably related to the short exposure time of 140 min. Amiodarone may need 
transformation, e.g. into DEA or other metabolites, to exert this effect. 

Amiodarone at relatively low doses (10--25IlM) inhibited basal and TSH
stimulated iodide organification by 25%-50% in dog thyroid cells (RANI 1990). 
In contrast, higher doses of amiodarone (O.l-lmM) caused only a 20% de
crease in iodide metabolism in pig thyroid slices (GWZMAN et al. 1977). 
Cultured cells appear to be more sensitive than tissue slices, and the acute 
effects of amiodarone are unlikely to be due to iodide dissociated from the 
drug. 

b) In Vivo Studies 

Serial kinetic studies on iodine metabolism were performed in 15 patients 
taking 300mg amiodarone daily for 6 months (RAO et al.1986) (Fig. 4). Plasma 
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inorganic iodide and 24h urine iodide rose 40-fold at 6 weeks and remained at 
these high levels thereafter; renal iodide clearance did not change. The urinary 
excretion is predominantly inorganic iodide, because the urinary excretion of 
amiodarone and DEA is so small that it contributes only marginally (13 .ug/l) 
to the milligrams of iodide measured. Thyroid iodide clearance fell from 5.93 
± 0.82 to less than 0.5 mllmin. Thyroid absolute iodide uptake rose from 16.3 ± 
2.7 to 54.6 ± 5.7 nmollh after 6 weeks, and then progressively declined to still 
elevated values of 32.0 ± 4.3 nmol/h at 24 weeks. These findings are identical to 
the response of the thyroid to chronic excess iodide ingestion. The decrease in 
thyroid iodide clearance has been called the "escape" phenomenon to limit the 
acute inhibition of iodine organification produced by large doses of iodide (the 
Wolff-Chaikoff effect): despite high plasma inorganic iodide, the iodide trans
port is inhibited, allowing intra thyroidal iodine concentrations to fall below 
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Fig. 4. Iodine kinetic studies performed serially in 15 patients taking 300mg 
amiodarone daily for 6 months. (Reproduced with permission from RAO et al. 1986) 
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the critical level needed to sustain the Wolff-Chaikoff effect (see Chap. 7, 
this volume). Nevertheless, the absolute iodide uptake remains high, and 
intrathyroidal iodine is increased three- to fourfold in amiodarone
treated patients when measured by fluorescent excitation analysis (JONCKHEER 
1981). 

3. Pituitary 

Pituitary TSH synthesis and release is predominantly under the control of 
TRH and thyroid hormones (Chap. 2, this volume). Hypothalamic TRH stimu
lates TSH-subunit gene expression and TSH release via the phosphatidyl
inositol pathway. This is counteracted by a direct inhibitory effect of thyroid 
hormones on TSH gene expression. Nuclear T3 receptor occupancy in pituitary 
thyrotrophs is inversely related to serum TSH. Half of the nuclear T 3 is derived 
from serum T3, the other half from intrapituitary deiodination of T4 into T3 
catalysed by type II 5'-deiodinase. Amiodarone interferes with these feed
forward and feedback mechanisms in a complex manner. 

In experiments with perifused rat pituitary fragments, a 30-min exposure 
to lO,uM amiodarone inhibits but 10,uM DEA stimulates the TRH-induced 
release of TSH (ROUSSEL et al. 1995). These acute effects are likely due to 
amiodarone acting as a Ca2+ channel blocker and DEA acting as a Ca2+ channel 
agonist (see Sect. D.I.3.a). 

No studies have been done on the effect of amiodarone on the transport 
of T4 across the plasma membrane into the thyrotroph. In a rat growth hor
mone producing pituitary tumour cell line, amiodarone decreased the trans
port of T3 acros the cell membrane (NORMAN and LAVIN 1989). Pituitary 
5'-deiodination of T4 is decreased in rats pretreated with two intraperitoneal 
injections of lOOmglkg amiodarone or DEA the day before sacrifice (SAFRAN 
et al. 1986). Serum T4 and T3decreased in these subacute experiments, obvi
ously due to the Wolff-Chaikoff effect as a similar fall in serum T4 and T3 was 
observed in rats treated with iodine in an amount equal to that contained in 
amiodarone. Whereas serum TSH rose in the latter group as expected, serum 
TSH did not increase after amiodarone or DEA, suggesting that the drug 
functions as a thyroid hormone agonist in the pituitary. Other studies, 
however, contradict this view. 

Amiodarone dose dependently inhibits the in vitro binding of T3 to nuclei 
isolated from rat anterior pituitary; the K. decreased threefold at 1 mM with
out change in MBC. TSH release from cultured rat anterior pituitary cells 
increased when incubated for 5h with >50,uM amiodarone (FRANKLYN et al. 
1985). In vivo studies also indicated a thyroid hormone antagonistic effect of 
amiodarone on TSH gene expression: treatment of rats with 25 mglkg orally 
for 3 months increased serum TSH, pituitary TSHfj and TSHa subunit mRNA 
but not pituitary TSH content (FRANKLYN et al. 1987). When amiodarone was 
given to hypothyroid rats, however, serum TSH and pituitary TSH mRNA 
were lower and serum T4 and T3 higher than in untreated hypothyroid animals, 
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possibly related to the higher serum T4 and T3levels in the amiodarone-treated 
group. 

The amiodarone-induced changes in TSH release may therefore reflect 
changes in serum T3 and T4, in intrapituitary generation of T3 from T4 as well 
as a direct interaction of amiodarone with nuclear T3 binding. 

III. Changes in Thyroid Hormone Kinetics 

1. Human Studies 

Short-term treatment with amiodarone (400mg/day for 3 weeks) decreased T4 
production rate (PR) by 12% and T4 metabolic clearance rate (MeR) by 25% 
relative to treatment with 12.5 mg iodide/day; the half-life of serum T4 in
creased from 6.6 to 8.1 days, while the distribution volume of T4 did not 
change. T3 PR decreased by 20%, but T3 MeR and T3 distribution volume 
were not affected (LAMBERT et al. 1982). Amiodarone treatment for 5-6 weeks 
(200-800mg daily) did not change T4 kinetics, but decreased T3 PR by 48% 
and reduced the percentage of T4 converted to T3 from baseline values of 
26%-43% to 10%-17% (HERSHMAN et al. 1986). The absence of an effect of 
amiodarone on T3 MeR was also found in hypothyroid patients treated for 3 
weeks with 400mg amiodarone and either T4 or T3 (ZANINOVICH et al. 1990). 

Long-term treatment with amiodarone (200mg/day for 9 months or 
longer) in contrast increased T4 PR by 105%; T4 MeR was reduced by 18% 
and the half-life of serum T4 was 7.3 days (LAMBERT et al. 1982). These patients 
had a normal or low plasma TSH but were clinically euthyroid; their T4 PR, 
although increased with the equivalent of 250,ug T4 per day, was only 40% of 
the T4 PR observed in patients with Graves' hyperthyroidism and equally 
increased plasma concentrations of T4 and FT4. These data were also evaluated 
by compartmental analysis: short-term amiodarone administration reduced 
the fractional transfer rate of T4 between serum and rapidly equilibrating 
tissues, whereas long-term amiodarone treatment increased fractional rates of 
T4 transfer between serum and both rapidly and slowly equilibrating pools 
sixfold (KAPTEIN et al. 1988). No data are available on rT3 kinetics in humans. 

2. Animal Studies 

Amiodarone treatment in rabbits (20mg/kg per day i.p. for 3 weeks) resulted 
in an increase in T4 PR and a decrease in T4 MeR; T3 MeR did not change, and 
although T3 PR was not significantly reduced the ratio of T3 PR to T4 PR was; 
rT3 MeR also decreased but rT3 PR did not alter (KANNAN et al. 1984). 
Another study in rabbits (10mg/kg/day i.p. for 6 weeks) confirmed the lower 
T4 MeR but found no change in T4 PR (PEARCE and HIMSWORTH 1986). In rats, 
treatment with amiodarone or DEA (-30mg/kg per day orally for 3 weeks) 
had quantitatively similar results: T4 PR increased by 32%, T3 PR by the 
thyroid decreased by >90%, T3 PR from peripheral T4 to T3 conversion de
creased by 49%, but T4 and T3 plasma clearance rates did not change 
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(SCHRODER-VAN DER ELST and VAN DER HEIDE 1990). In isolated perfused rat 
livers obtained from animals pretreated with amiodarone (40 mg/kg per day 
orally for 3 weeks) and using a two-pool model for describing thyroid hormone 
kinetics, liver uptake and metabolism of T3 were unaffected by amiodarone; 
however, both uptake and metabolism of T4 were decreased, indicating inhibi
tion of transmembrane T4 transport and of T4 5'-deiodination (DE lONG et al. 
1994). 

Non-deiodinative pathways of T4 disposal may be enhanced by 
amiodarone treatment. In one study amiodarone and DEA treatment reduced 
the urinary excretion of radioactive tracers, and increased the faecal excretion 
of radioactivity, which is probably a measure of glucuronide and sulphate 
conjugation of the iodothyronines (SCHRODER-VAN DER ELST and VAN DER 
HEIDE 1990). Decreased deiodination leads to a higher intracellular T4 con
tent, thereby increasing conjugate production, as has been found with 
amiodarone and propylthiouracil (DE lONG et al. 1994). T3 has to be sulphated 
before 5'-deiodination in rat liver, and therefore T3 conjugates accumulate 
when deiodination is inhibited; conjugation is apparently unaffected by 
amiodarone (DE lONG et al. 1994). Inhibition of deiodination thus does not 
affect disposal of thyroid hormones in the liver because of a compensating 
increase in conjugate concentrations. This has been studied in more detail in 
rabbits treated with amiodarone (200mg/kg per day i.p. for 3 weeks). It was 
calculated that the inhibition of the conversion of T4 into T3 (from 63% in 
controls to 29% in amiodarone-treated animals) could be accounted for al
most completely by the increased conversion of T4 to non-deiodinative routes 
of metabolism (from 29% in controls to 66% under amiodarone) (KANNAN et 
al. 1990). These non-deiodinative pathways lead to large increases in T4 conju
gates, and possibly also to a modest rise of TETRAC. 

IV. Summary 

The combined human and animal data allow the following explanation for the 
observed obligatory effects of amiodarone treatment on thyroid hormone 
secretion and metabolism (Fig. 5). Amiodarone treatment increases plasma T4 
and rT3 and decreases plasma T3; plasma TBG remains unaltered and changes 
in plasma FT4 and FT3 reflect changes in total T4 and T3• Plasma TSH is 
transiently increased, returning to mostly normal values after 3 months. Dur
ing biotransformation of the drug, pharmacological quantities of iodide are 
released, increasing plasma inorganic iodide and urinary iodide excretion 40-
fold. It results in an increased absolute thyroid iodide uptake, which peaks at 
6 weeks and is still twice baseline values at 24 weeks. The chronic iodine excess 
will transiently inhibit thyroidal synthesis and release of thyroid hormones, 
explaining the initial decreased T4 PR and rise of TSH. The thyroid usually 
escapes from these inhibitory (Wolff-Chaikoff) effects, and T4 PR and plasma 
TSH return to normal values. 
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Fig. 5. Early transient (left column) and late permanent (right column) effects of 
amiodarone treatment on the secretion and metabolism of thyroid hormones. PR, 
production rate; MeR, metabolic clearance rate; T1R, TJ. receptors; T4S, T4 sulfate; T4G, 
T4 glucoronide; EB, increase; 8, decrease; t, inhibition; I, stimulation 

Apart from its thyroidal effects, however, amiodarone simultaneously 
affects extra thyroidal thyroid hormone metabolism in a profound manner. 
Amiodarone, presumably via its metabolite DEA, strongly inhibits type I 
iodothyronine-5' -deiodinase: like other drugs with diiodo-substituted benzene 
rings it is a competitive inhibitor of 5' -deiodinase in all tissues. The decreased 
5'-deiodination of rT3 into 3,3'-T2 results in a decreased rT3 MeR, explaining 
the high plasma rT3 concentrations. The decreased 5'-deiodination of T4 into 
T3, observed in many tissues but most pronounced in the thyroid and in the 
liver (the main extrathyroidal T3 production site), results in a decreased T3 PR, 
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explaining the decreased plasma and tissue T3 concentrations. Amiodarone 
does not affect 5-deiodination: rT3 PR and T3 MeR remain unchanged. De
creased deiodination results in a higher intracellular T4 content, and produc
tion of T4 conjugates will therefore increase. Amiodarone may enhance 
non-deiodinative pathways of thyroid hormone metabolism, thus compensat
ing for the reduction in deiodination. 

Amiodarone may also indirectly decrease T4-5'-deiodination by inhibition 
of T4 entry into tissues, thereby decreasing the availability of the substrate T4. 
The observed inhibition of T4 uptake in the liver results in the decreased T4 
MeR, explaining the rise of serum T4. The absence of an effect of amiodarone 
on liver T3 uptake and T3 MeR could be due to the existence of two different 
transport systems (one for T4 and rT3 and one for T3). The increase in plasma 
T4 in short-term amiodarone treatment is due to a proportionally greater 
decrease in T4 MeR than in T4 PRo The increase in plasma T4 during long-term 
administration of amiodarone, however, is apparently due to both a decrease 
in T4 MeR and an increase in T4 PRo This occurs at a time when plasma TSH 
has returned to normal values. The normal TSH release is in itself remarkable, 
because the low plasma T3, the decrease in pituitary 5'-deiodination enhanced 
by the high rT3 levels (SILVA and LEONARD 1985), and the interference of T3 
receptor binding induced by amiodarone, would all act in concert to decrease 
nuclear T3 receptor occupancy, thereby increasing TSH release. The high 
plasma T4 levels may counteract this increase, the net result being a plasma 
TSH within the normal range. The explanation for the increased T 4 PR in 
humans receiving long-term amiodarone treatment remains obscure, but may 
represent a homeostatic adaptation of the thyroid or a modest degree of 
thyrotoxicosis (see Sect. C.UI). 

c. Amiodarone-Induced Thyrotoxicosis and Amiodarone
Induced Hypothyroidism 
I. Diagnosis 

Most patients remain clinically euthyroid during amiodarone treatment, de
spite the profound changes in thyroid hormone secretion and metabolism 
provoked by the drug. A subset of amiodarone-treated patients, however, 
develops amiodarone-induced thyrotoxicosis (AIT) or amiodarone-induced 
hypothyroidism (AIH). 

The clinical diagnosis of AIT or AIH can be very easy if classical symp
toms and signs are present. Unfortunately, this is not always the case. The 
anti adrenergic effects of amiodarone may minimize clinical features. Weight 
loss, fatigue, tremor and muscle weakness would suggest thyrotoxicosis, but 
can also be due to gastrointestinal and neurological side effects. An important 
clue for the diagnosis of AIT is worsening of the cardiac disorder, especially 
exacerbation of the arrhythmias (BAMBINI et al. 1987; MARTINO et al. 1987; 
NEWNHAM et al. 1987). 
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The biochemical diagnosis of AIT or AIH has greatly benefited from the 
introduction of the sensitive TSH assay: a TSH value within the normal refer
ence range reliably excludes AIT and AIH despite elevated T4 and FT4 plasma 
concentrations (Fig. 6, group 3) (WIERSINGA et al. 1986). An elevated plasma 
TSH in combination with a low plasma T4 or FT4 concentration indicates 
AIH (group 5); a high TSH but normal T4 or FT4 indicates subclinical 
hypothyroidism (group 4).When plasma TSH is decreased, the values of T4 or 
FT4 in serum do not allow discrimination between subclinical hyperthyroidism 
(group 2) and overt hyperthyroidism (group 1). If plasma T3 is elevated, a clear 
diagnosis of AIT can be made. A normal plasma T3, however, does not exclude 
AIT since a normal T3 is observed in a fair proportion of bona fide cases of 
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Fig. 6. Plasma thyroid hormone concentrations of 59 patients on long-term 
amiodarone therapy. Group 1, thyrotoxic (suppressed TSH); group 2, euthyroid but 
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with permission from WIERSINGA and TRIP 1986) 
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AIT (WIERSINGA et al. 1986). AIT thus frequently presents itself as T4 
toxicosis, as is the case in iodide-induced thyrotoxicosis (JONCKHEER et al. 
1992). The peculiar characteristic of amiodarone of inducing high serum T4 
and Fr4 concentrations consequently prevents a conclusive laboratory diag
nosis of AIT in some patients. Measurement of serum markers of tissue 
thyrotoxicosis has been advocated to solve this problem. Indeed, serum sex 
hormone-binding globulin (BAMBINI et al. 1987; NEWNHAM et al. 1987) and Tg 
(MARTINO et al. 1987; NEWNHAM et al. 1987; UNGER 1988; WEISSEL 1988; DE 
ROSA et al. 1989) concentrations are higher in AIT than in amiodarone
induced euthyroid hyperthyroxinaemia, but the considerable overlap between 
groups suggests that these parameters have little to offer in the assessment of 
individual patients. The same holds true for plasma coenzyme QlO determina
tion in order to evaluate the metabolic status (MANCINI et al. 1989). It follows 
that in amiodarone-treated patients presenting with the biochemical pattern of 
T4 toxicosis, clinical judgement must tell whether or not they need antithyroid 
treatment. 

II. Incidence 

Patients residing in areas with a high environmental iodine intake develop 
AIR more often than AIT, whereas AIT occurs more frequently than AIR in 
regions with a low environmental iodine intake. This was first reported by 
MARTINO et al. (1984) in a retrospective study, and has subsequently been 
confirmed in a number of prospective studies from various countries in which 
patients have been followed up to 4.5 years after starting amiodarone (Table 
2). The combined incidence of AIT and AIR is rather similar in all regions: 
14%-18% of patients treated with amiodarone develop clinical signs and 
symptoms of thyroid dysfunction, irrespective of ambient iodine intake. An
other interesting feature is that AIT may develop up to 3-12 months after 

Table 2. Incidence of amiodarone-induced thyrotoxicosis (AIT) and amiodarone
induced hypothyroidism (AIH) in relation to environmental iodine intake 

Environmental AIT AIH AIT+AIH Country 
iodine intake 

High 5/295 (1.7%) 39/295 (13.2%) 44/295 (14.9%) USN, UKb 

Intermediate 18/229 (7.9%) 13/229 (5.7%) 31/229 (13.6%) Spain" Australiad, 

The N etherlandse 

Low 50/419 (11.9%) 27/419 (6.4%) 77/419 (18.4%) Itall, Belgiumg 

a MARTINO et al. (1984), AMICO et al. (1984), BOROWSKI et al. (1985), NADEMANEE et al. (1986). 
bSHUKLA et al. (1994). 
'SANMARTI et al. (1984). 
dNEWNHAM et al. (1987). 
eTRIP et al. (1991). 
fMARTINO et al. (1984), FORESTI et al. (1985). 
gCHEVIGNE-BRANCART et al. (1983). 
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discontinuation of the drug (JONCKHEER et al. 1973; MARTINO et al. 1985), 
obviously related to its very long terminal half-life. 

In Dutch patients, living in an area with an intermediate iodine intake of 
150,ug/day, the calculated probability for AIT was 0.025 after 18 months and 
0.355 after 48 months; for AIR, these figures are 0.085 and 0.085, respectively 
(Fig. 7, upper panel) (TRIP et al. 1991). All cases of AIR had occurred within 
18 months after initiation of amiodarone treatment. In contrast, cases of AIT 
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continued to occur with longer exposure time to the drug (also reported by 
CHEVIGNE-BRANCART et al. 1983). The probability of remaining clinically eu
thyroid was 0.56 after 4 years of amiodarone treatment. The probability of 
maintaining a normal TSH response to TRH during this whole period was 
substantially lower with a value of 0.10 (Fig. 7, bottom panel). This is due to 
the occurrence of an increased and especially of a decreased TSH response to 
TRH in patients without clinical signs and symptoms of thyroid dysfunction, 
who may be labelled as having subclinical hypothyroidism and hyper
thyroidism, respectively. 

An abnormal TRH test is thus not always followed by the development of 
AIH or AIT, a finding reported in several studies. An increased TSH response 
to TRH is frequently followed by AIH, but can also be sustained without the 
occurrence of clinical hypothyroidism (BOROWSKI et al. 1985; TRIP et al. 1991). 
A decreased TSH response to TRH may be maintained without developing 
AIT, but more frequently reverts to a normal response during further follow
up despite continuation of amiodarone treatment (TRIP et al. 1991). The 
occurrence of a decreased TSH response to TRH at some time during treat
ment is a very likely event, with a calculated probability of 0.72 in 4 years (Fig. 
7, top panel). This is in accordance with cross-sectional studies in patients on 
long-term amiodarone treatment: within the group of clinically euthyroid 
patients, a blunted TSH response to TRH was observed in 24%,30% and 43% 
in regions with a high, intermediate and low iodine intake, respectively 
(MARTINO et al. 1984; STAUBLI and STUDER 1985). A suppressed plasma TSH 
(equivalent to a decreased TSH response to TRH when measured with a 
sensitive assay) (WIERSINGA et al. 1986a) is consequently not a very good 
indicator of the occurrence of AIT (TRIP et al. 1991). A few patients have been 
described in whom AIT developed after a previous transient episode of 
subclinical hypothyroidism (TRIP et al. 1991; MINELLI et al. 1992), or in whom 
goitre and AIH occurred after previous AIT (KAPLAN and ISH-SHALOM 1991). 
Sometimes a characteristic cyclic thyroid dysfunction is encountered 
(SALAMON et al. 1989). 

The prevalence of goitre was 60% in both AIH and AIT in an iodine
deficient region of Italy, whereas it was 22% in AIH in an iodine-replete 
region of the United States (MARTINO et al. 1984). In a region with intermedi
ate iodine intake the goitre prevalence was 7% (TRIP et al. 1991). Newly 
induced goitres by amiodarone, however, seem to be uncommon; when it 
occurs, the goitre is small, diffuse and firm similar to the goitres induced by 
iodine excess (AMICO et al. 1984; EASON et al. 1984; BRENNAN et al. 1987). 

III. Pathogenesis 

1. Amiodarone-Induced Hypothyroidism 

Neither the daily and cumulative doses of amiodarone nor serum protein 
bound iodine and urinary iodide excretion differ between patients with AIH 
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and those remaining euthyroid (CHEVIGNE-BRANCART et al. 1983; MARTINO et 
al. 1984; EASON et al. 1984; NADEMANEE et al. 1986; WIERSINGA et al. 1986b; 
TRIP et al. 1991). Although amiodarone is given more frequently to male than 
to female patients (sex ratio M:F = 2.0:1.0), AIH develops relatively more 
often in females (M:F= 1.5: 1.0) (CHEVIGNE-BRANCART et al.1983; AMICO et al. 
1984; MARTINO et al. 1984; BOROWSKI et al. 1985; TRIP et al. 1991) and in older 
patients (BOROWSKI et al. 1985; CHEVIGNE-BRANCART et al. 1983). Female sex 
and the presence of (TPO) antibodies prior to treatment constitute a relative 
risk of 7.9 and 7.3, respectively, for the subsequent development of AIH; the 
relative risk of the combination of female sex and TPO or Tg antibodies is 13.5 
(95% confidence interval 3.2-57.4) (TRIP et al. 1991). 

It has been debated whether or not amiodarone is capable of inducing 
thyroid antibodies. An early report suggested de novo occurrence of TPO 
antibodies in 6 out of 13 patients after 1 month of treatment; the antibodies 
had disappeared 6 months after withdrawal of the drug (MONTEIRO et al. 1986). 
Other follow-up studies, however, consistently indicate that amiodarone treat
ment per se is not associated with an increased incidence of TPO and Tg 
antibodies; this has been reported from regions with a high, intermediate, and 
low iodine intake (SAFRAN et al. 1988; WEETMAN et al. 1988; FORESTI et al. 1989; 
TRIP et al. 1991; MACHADO et al. 1992). Circulating thyroid autoantibodies are 
thus unlikely to appear in amiodarone-treated patients when pretreatment test 
results are negative. AIH is likely to occur in patients with pre-existing autoim
mune thyroid disease, although it may also develop without any evidence of 
underlying thyroid abnormalities (HAWTHORNE et al. 1985; MARTINO et al. 
1987, 1994; TRIP et al. 1991). 

The development of AIH is best explained by a failure of the thyroid 
gland to escape from the Wolff-Chaikoff effect due to the iodine excess 
generated by amiodarone. Whereas a normal thyroid is capable of escaping 
from the inhibitory effects of iodine excess on thyroid hormone synthesis 
(Chap. 7, this volume), a thyroid gland compromised by an underlying abnor
mality such as autoimmune thyroiditis may not escape, resulting in a perma
nently impaired organification. The hallmark in the pathogenesis of AIH 
appears to be the failure of the thyroid to adapt to chronic iodine excess. The 
occurrence of AIH relatively early during treatment with amiodarone is in 
agreement with this view (CHEVIGNE-BRANCART et al. 1983; TRIP et al. 1991; 
MARTINO et al. 1994). 

The proposed pathogenesis is further supported by thyroidal radioiodine 
uptake studies. When iodine intake is increased, thyroid uptake of radioiodine 
is low (despite a high total iodine uptake by the thyroid gland) due to dilution 
of the radioisotope by the increased stable iodide pool. A low thyroidal 
radioiodine uptake is indeed observed in euthyroid and hyperthyroid patients 
treated with amiodarone, but in AIH patients the uptake is not inhibited and 
similar to that in subjects without iodine excess (Fig. 8, left panel) (WIERSINGA 
et al. 1986b; MARTINO et al. 1988). Discharge of radioiodine from the thyroid 
after administration of perchlorate indicates decreased organification of 
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Fig. 8. Thyroidal uptake (left panel) and discharge after perchlorate (right panel) of 
123r in 30 patients with various cardiac diseases (values as means ± SE). Group I, 11 
euthyroid patients (normal TRH test) without iodine excess; group II, 7 euthyroid 
patients (normal TRH test) with iodine excess due to metrizoate angiography; group 
III,7 euthyroid or hyperthyroid patients (TSH response to TRH normal or decreased) 
with iodine excess due to amiodarone; group IV, 5 hypothyroid patients (TSH response 
to TRH increased) with iodine excess due to amiodarone. (Reproduced with permis
sion from WIERSINGA et al. 1986b) 

thyroidal iodide. The results of the perchlorate discharge tests indicate a 
severe organification defect in AIH (Fig. 8, right panel) (HAWTHORNE et al. 
1985; WIERSINGA et al. 1986b; MARTINO et al. 1988). The preserved radioiodine 
uptake in AIH might be due to the increased TSH secretion since TSH 
enhances iodide transport. It is more likely, however, that autoregulatory 
mechanisms in the thyroid are responsible because thyroid iodide transport 
varies inversely with iodine intake in hypophysectomized animals. Further
more, the inhibitory effect of iodine excess on thyroid iodide transport is 
prevented both in vivo and in vitro if antithyroid drugs are given before or 
concomitant with the iodide. The implication is that inhibition of transport by 
iodine excess requires organification of the administered iodide. 

From the inverse relationship between the organic iodine content of the 
thyroid and the activity of the thyroid iodide transport mechanism, it has been 
speculated that there exists a specific inhibitor of iodide transport in the 
thyroid (Fig. 9). This hypothetical compound X.I is likely an iodinated lipid; its 
concentration and action would vary with the total organic iodine content of 
the thyroid. The severe organification defect observed in AIH is in line with 
the assumption of a persistent Wolff-Chaikoff effect as the cause of AIH. The 
organification defect will result in a decrease in thyroidal hormone synthesis, 
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Fig. 9. Inhibition of thyroid iodide transport by iodine excess requires organification of 
the administered iodide. This inhibition is likely mediated by a specific iodinated 
compound X.I the concentration and action of which vary with the total organic iodine 
content of the gland. ECF, extracellular fluid. (Reproduced with permission from 
WIERSINGA et al. 1986b) 

but also in a decrease in X.I, explaining the preserved radioiodine uptake in 
AIR. 

Another line of evidence in favour of this interpretation comes from 
studies of total thyroidal iodine content as measured by X-ray fluorescence. 
Total thyroidal iodine content is grossly elevated in amiodarone-treated pa
tients who are euthyroid or hyperthyroid; it is, however, within or below the 
normal range of 14.6 ± 5.0mg in AIR (FRAGU et al. 1988). Since inorganic 
iodine comprises only about 0.25% of the total thyroidal iodine, these data are 
consistent with a decreased organic iodine content in the thyroid in AIR. 
Patients in whom thyroid iodine content does not increase above the normal 
range during amiodarone treatment appear at risk for AIR (FRAGU et al. 
1988). 

Subclinical autoimmune thyroiditis is recognized as an important predis
posing factor in making thyroid glands more sensitive to the inhibitory action 
of excess iodide. The prevalence of autoimmune thyroiditis is relatively high in 
areas with a high environmental iodine intake, in females, and in old age: these 
are precisely the factors which predispose to the development of AIR. AIR is 
consequently to a certain extent predictable from the pretreatment assessment 
of risk factors like female sex and thyroid antibodies (MARTINO et al. 1987, 
1994; TRIP et al. 1991); a personal or family history of thyroid disease may also 
constitute a risk factor (AMICO et al. 1984). 

2. Amiodarone-Induced Thyrotoxicosis 

The sex ratio in AIT (M: F = 3.2: 1.0) is higher than that in euthyroid patients 
treated with amiodarone (M: F = 2.0: 1.0), indicating a relative male prepon
derance in AIT (CHEVIGNE-BRANCART et al. 1983; AMICO et al. 1984; MARTINO 
et al. 1984; BOROWSKI et al. 1985; TRIP et al. 1991). The daily and cumulative 
doses of amiodarone and the 24-h urinary iodide excretion are also similar in 
both groups (CHEVIGNE-BRANCART et al. 1983; MARTINO et al. 1984; WIERSINGA 
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et al. 1986b; TRIP et al. 1991), although a higher cumulative dose is reported in 
AIT in one study (NADEMANEE et al. 1986). The development of AIT in an 
iodine-deficient area was associated with the existence of a diffuse goitre in 
29% and a nodular goitre in 38%, while the thyroid was apparently normal in 
33% (MARTINO et al. 1987). The occurrence of AIT in patients without pre
existent thyroid abnormalities has been observed in many studies, including 
patients from iodine-replete regions (NADEMANEE et al. 1986; BRENNAN et al. 
1987; NEWNHAM et al. 1987; TRIP et al. 1991). Humoral thyroid autoimmunity 
seems to play no role in the induction of AIT: the incidence of TPO and 
Tg antibodies as well as of TSH-receptor-stimulating antibodies in 
amiodarone-treated patients with diffuse or toxic goitre was similar to that 
observed in spontaneous hyperthyroidism (MARTINO et al. 1986a), and de 
novo occurrence of TSH receptor antibodies in AIT has not been found 
(BRENNAN et al. 1987; TRIP et al. 1991). The significance of a reported increase 
in specific T-cell subsets for the development of AIT is unknown (RABINOWE 
et al. 1986). 

Thyroidal iodine content as measured by X-ray fluorescence is markedly 
increased in AIT, in both patients with and without goitre (50 ± 19m9 and 55 
± 29mg, respectively) (FRAGU et al. 1988). Although thyroidal iodine content 
is higher in AIT than in the patients who remain euthyroid (39 ± 17 mg when 
treated for 12-60 months), it does not allow accurate prediction of the occur
rence of AIT. The thyroidal iodine content in AIT is elevated to the same 
extent as in iodide-induced thyrotoxicosis (LEGER et al. 1983). It signifies an 
excess of organified iodine, and perchlorate discharge tests indeed do not show 
any major impairment of organification in iodide-induced thyrotoxicosis or in 
AIT (WIERSINGA et al. 1986b; MARTINO et al. 1988). It is thus reasonable to 
assume that the iodine excess generated by amiodarone causes AlT. 

AIT shares several other characteristics with iodide-induced thyroto
xicosis (FRADKIN and WOLFF 1983): it is more common in males than in fe
males, a goitre is present in -50%, if the goitre is new it is small, diffuse and 
firm (LEGER et al. 1983; EASON et al. 1984; BRENNAN et al. 1987; NEWNHAM et 
al. 1987), the onset is often acute (NEWNHAM et al. 1987; TRIP et al. 1991), and 
spontaneous remission frequently occurs (see Sect. C.lV.2). AIT, like iodide
induced thyrotoxicosis, is also more prevalent in iodine-deficient regions than 
in iodine-replete regions. Previous exposure to iodide may reduce subsequent 
iodide-induced thyrotoxicosis (FRADKIN and WOLFF 1983), accounting for the 
rarity of AIT in the United States. This may be related to the sensitivity of the 
thyroid gland to generate an iodine-induced turn-off signal for hormone bio
synthesis (FRADKIN and WOLFF 1983). In subjects accustomed to a high envi
ronmental iodine intake, the sensitivity of this autoregulatory mechanism may 
have increased, rendering the thyroid better able to handle iodine excess: they 
are relatively resistant to iodide-induced thyrotoxicosis. In iodine-deplete ar
eas, this sensitivity may be diminished: iodine repletion may unmask existing 
thyroid autonomy in euthyroid patients with Graves' disease or nodular goitre 
by permitting the autonomous tissue to synthesize and release excessive quan-
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tities of thyroid hormone. On the other hand, the extent of iodide excess could, 
if large enough, override differences in sensitivity. 

Subsequent studies have shed more light on this difficult issue. Thyroidal 
radioiodine uptake is appropriately suppressed in many cases of AIT in view 
of the dilution of the radioisotope by the increased stable iodide pool, but a 
normal or even elevated uptake is observed in the majority of patients with an 
underlying thyroid abnormality like Graves' disease or nodular goitre (LEGER 
et al. 1983; MARTINO et al. 1985, 1988; WIERSINGA et al. 1986b). Serum 
interleukin-6 (IL-6) concentrations in AIT without underlying thyroid abnor
malities (574 ± 79fmolll) are much higher than in AIT with nodular goitre or 
Graves' disease (153 ± 46fmol/l); the latter concentrations are not significantly 
different from values in spontaneous cases of toxic nodular goitre or Graves' 
hyperthyroidism (98 ± 10 and 108 ± 18fmolll, respectively). IL-6 values in 
euthyroid patients on amiodarone therapy (51 ± 10fmolll) are similar to those 
of AIH and controls (BARTALENA et al. 1994). These data allow the discrimina
tion of two types of AIT (Table 3). Type I is due to iodine-induced excessive 
thyroid hormone synthesis, occurring especially in patients with underlying 
thyroid disease. Type II occurs especially in subjects with apparently 
normal thyroid glands, and is due to an amiodarone-induced destructive 
thyroiditis resulting in thyroid cell damage and thyroid hormone release into 
the circulation. 

There are several lines of evidence which support the proposed pathogen
esis of AIT type II. Firstly, markedly increased serum IL-6 levels have been 
found during the thyrotoxic phase of subacute thyroiditis, another thyroid 
inflammatory process. In some patients with AIT a painful goitre is found, 
resembling the clinical picture of subacute thyroiditis (GUDBJORNSSON et al. 
1987; MIASKIEWICZ et al. 1987; LAMBERT et al. 1990). Gallium uptake in the 
thyroid and the lung of a patient with AIT and pulmonary toxicity is also 

Table 3. Proposed pathogenesis of amiodarone-induced thyrotoxicosis. (According to 
BARTALENA et al. 1994, with some modifications) 

Underlying thyroid abnormality 
Goitre 

Thyroidal radioiodine uptake 
Serum IL-6 

Pathogenetic mechanism 

Subsequent hypothyroidism 

AIT type I 

Yes 
Frequently pre-existent 
diffuse or nodular 
goitre 

Normal/elevated 
Slightly elevated 

Excessive thyroid 
hormone synthesis by 
iodine excess 

No 

AIT type II 

No 
Infrequent, if present 
small diffuse firm 
(sometimes tender) 
goitre 
Low/suppressed 
Markedly elevated 

Excessive thyroid 
hormone release by 
destructive 
thyroiditis 
Possible 
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compatible with an amiodarone-induced thyroiditis and pneumonitis (LING et 
al. 1988). Secondly, like the destructive thyroiditis of subacute and postpartum 
thyroiditis, AIT can be followed by a mildly hypothyroid stage before 
euthyroidism is restored (MINELLI et al. 1992; Ron et al. 1993). Thirdly, 
thyroid ultrasonography in patients who had recovered from AIT type 
II demonstrated an increase in dyshomogeneous echo patterns and 
hyperechogenecity similar to that in patients after cure of subacute thyroiditis, 
and obviously the result of the healing of the inflammatory process (Ron et al. 
1994). Fourthly, the administration of excess iodine to euthyroid patients with 
a previous history of AIT did not induce thyrotoxicosis but rather subclinical 
hypothyroidism, as in patients with a previous episode of subacute thyroiditis 
(Ron et al. 1992). Finally, and most importantly, the pathology of the thyroid 
in AIT is characteristic and distinctive from that in thyrotoxicosis due to other 
causes (SMYRK et al. 1987; LEUNG et al. 1989; FARWELL et al. 1990; MEURISSE et 
al. 1993; MULLIGAN et al. 1993). Characteristically, small groups of involuted 
follicles exhibit varying degrees of damage, ranging from degenerative 
changes in a few lining cells to total follicular destruction. Damaged follicular 
cells are swollen and feature granular or vacuolated cytoplasm, and also zones 
of fibrosis. Similar parenchymal and interstitial changes occur in pneumocytes 
and hepatocytes damaged by amiodarone. Histopathological examination fur
ther reveals minimal or no thyroid follicular damage in specimens from 
amiodarone-treated euthyroid patients, in contrast to severe follicular damage 
and disruption in AIT type II (BRENNAN et al. 1995). 

AIT type II thus appears to be a drug-induced destructive thyroiditis with 
subsequent leakage of iodothyronines from damaged and destroyed follicles 
into the circulation. It is much more likely that amiodarone itself, rather than 
iodine released during the biotransformation of the drug, is responsible for the 
destructive lesions (SMYRK et al. 1987; BARTALENA et al. 1994). Although high 
iodide doses have a direct toxic effect on human thyrocytes, inducing necrosis 
which can be prevented by inhibition of organification (MANY et al. 1992), the 
cytotoxic effect of amiodarone on human thyrocytes occurs independently of 
effects on iodide organification (CHIOVATO et al. 1994) (see also Sect. B.I1.2.a). 
Iodine released from amiodarone has a bioavailability different from that of 
sodium iodide (BRIAN<;ON et al. 1990). The data suggest that thyroid cytotox
icity produced by amiodarone is mainly due to a direct effect of amiodarone on 
thyrocytes (especially on lysosomes), but excess iodide released from the drug 
may contribute to its toxic action. 

AIT occurs only in a minority of patients treated with amiodarone. In 
contrast, most patients remain euthyroid but will develop a suppressed TSH at 
some time during amiodarone therapy. They have a high probability of a 
spontaneous return to a normal TSH despite continuation of amiodarone 
treatment (see Sect. C.I1). The implications of this finding are twofold. First, a 
suppressed plasma TSH is not a good predictor of AlT. Second, the transient 
presence of a suppressed TSH in euthyroid patients may represent an 
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asymptomatic episode of amiodarone-induced destructive thyroiditis. In view 
of the gradual accumulation of amiodarone and DEA in tissues, the cytotoxic 
effect of amiodarone and DEA on thyrocytes will be expressed only when 
intra thyroidal drug concentrations exceed a certain threshold level (see Sect. 
B.II.2.a). The time to reach these critical concentrations may depend among 
other factors on the cumulative dose of amiodarone, explaining the widely 
different time interval between the start of amiodarone therapy and the onset 
of AIT. In support of this reasoning is the observation that the TSH response 
to TRH decreases with increasing cumulative doses of amiodarone in a dose
dependent manner (Fig. 11). The clinically silent destructive thyroiditis may 
lower the intra thyroidal drug concentration, allowing the repair phase to 
proceed uninterrupted. This remains, however, speCUlative at the present 
time, since the true origin of the transiently suppressed TSH in euthyroid 
patients on amiodarone therapy is unknown. 

IV. Treatment 

1. Amiodarone-Induced Hypothyroidism 

The logical way to treat AIH is to stop amiodarone therapy. Discontinuation 
of amiodarone treatment restored euthyroidism after 2-4 months in 12 out of 
20 patients. In the remaining eight patients the hypothyroid state was sus
tained until 5-8 months when thyroxine was instituted; as evident from thyrox
ine withdrawal 1 year later, these patients all had permanent hypothyroidism 
(MARTINO et al. 1987). The transient hypothyroidism was predominantly found 
in patients without underlying thyroid abnormalities in whom thyroid anti
bodies were present in 25%, while permanent hypothyroidism occurred 
exclusively in patients with underlying abnormalities (e.g. Hashimoto's goitre, 
non-toxic goitre, and 1311 therapy for Graves' disease) in whom thyroid anti
bodies were present in 88%. 

In an attempt to shorten the period between discontinuation of 
amiodarone and restoration of euthyroidism, potassium perchlorate (KCl04) 

in a single daily dose of 1.0 g has been given for 9-34 days. This led to a prompt 
restoration of euthyroidism, usually within 2-3 weeks (MARTINO et al. 1986b; 
VAN DAM et al. 1993). Hypothyroidism recurs, however, in about half of the 
patients 1-10 weeks after withdrawal of KCI04; a second course of KCI04 may 
then be required, which again is proven to be effective. Because potassium 
perchlorate acutely blocks the transport of iodide into the thyroid, thereby 
lowering intrathyroidal iodine content, its favourable therapeutic action in 
AIH strongly supports the proposed pathogenesis of AIH, i.e. a failure to 
escape from the inhibitory effect of intra thyroidal iodine excess on thyroid 
hormone synthesis. 

If amiodarone withdrawal is not feasible in view of the patient's cardiac 
state, euthyroidism can be achieved by treatment with thyroxine, titrating the 
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dose on the level of serum TSR. This usually has the desired outcome, al
though an occasional fatal case of AIR has been described (MAZON SON et al. 
1984). 

2. Amiodarone-Induced Thyrotoxicosis 

Discontinuation of amiodarone treatment in AIT does not always resolve the 
thyrotoxic state. While patients with AIT type II become euthyroid within 3-
5 months, patients with a diffuse or nodular goitre (AIT type I) usually are still 
hyperthyroid 6-9 months after discontinuation of the drug (MARTINO et al. 
1987). Treatment with antithyroid drugs is not very effective either: after 
discontinuation of amiodarone, a spontaneous cure of AIT was reached after 
7.4 months, not different from that of 7.8 months when propylthiouracil was 
administered (LEGER et al. 1983). The poor efficacy of thionamide drugs in 
AIT has been reported in many studies (WIMPFHEIMER et al. 1982; SIMON et al. 
1984; MARTINO et al. 1987; BLOSSEY and PEITSCH 1988; ALTHAUS et al. 1988; 
BROUSSOLLE et al. 1989), and comes as no surprise in view of the well-known 
decreased efficacy of antithyroid drugs in patients with hyperthyroidism in
duced by iodine excess (as in AIT type I) and in thyrotoxicosis induced by 
destructive thyroiditis (as in AIT type II). 

Effective control of AIT thus remains a difficult challenge, especially 
because these patients often have life-threatening arrhythmias that are resis
tant to conventional antiarrhythmic drugs, worsen by the development of AIT, 
and may reappear after discontinuation of amiodarone. Furthermore, 1311 
therapy is usually not feasible in view of the suppressed thyroidal radioiodine 
uptake. Propranolol given for symptomatic relief of AIT is sometimes 
contraindicated by compromising myocardial function, and the combination 
with amiodarone may give rise to bradycardia and sinus arrest. Under these 
circumstances surgery might be preferred because it provides immediate and 
effective control of the thyrotoxic state on the condition that a total or near
total thyroidectomy is performed, and it allows continuation of amiodarone 
treatment. Although the cardiac state will exclude surgery in some patients, 
the fear that this group of patients carry a high surgical risk has not material
ized. Of the 26 patients who have been reported to undergo surgery because of 
AIT, none died, euthyroidism was restored in all within 2-15 days, and postop
erative morbidity was low (3 cases of hypocalcaemia, 2 cases of dysrhythmia, 
1 case of pneumonia) (BRENNAN et al. 1987; BLOSSEY and PEITSCH 1988; 
FARWELL et al. 1990; MEHRA et al. 1991; MEURISSE et al. 1993; MULLIGAN et al. 
1993). One patient was operated on while under local anaesthesia (MEHRA 
et al. 1991). All patients required postoperative thyroxine treatment. 

Non-surgical alternatives, however, are available. One option is treatment 
with corticosteroids, akin to the favourable effect of steroids on the inflamma
tory reaction in subacute thyroiditis. Prednisone given in combination with 
antithyroid drugs improved the clinical state, and serum T4 and T3 concentra
tions had decreased markedly by 10 days; in comparison, treatment with 
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antithyroid drugs alone did not improve the clinical condition nor did it change 
serum T4 in 40 days (BROUSOLLE et al. 1989). The results of corticosteroid 
therapy have been reported in 22 patients, obviously mostly cases of AIT type 
II (WIMPHEIMER et al. 1982; SIMON et al. 1984; BONNYNS et al. 1989; BROUSOLLE 
et al. 1989; GEORGES et al. 1992; PECHE et al. 1992; ROTI et al. 1993; BARTALENA 
et al. 1994). Amiodarone was discontinued in all patients except one, and 
antithyroid drugs were also given in 16 patients. The daily dose ranged from 15 
to 80mg prednisone or from 3 to 6mg dexamethasone, administered for 7-12 
weeks. This schedule effectively restored euthyroidism in 19 of the 22 patients. 
However, early discontinuation of steroid therapy after 2-3 weeks was associ
ated with recurrence of the thyrotoxic state, necessitating reintroduction of 
steroids (WIMPHEIMER et al. 1982; SIMON et al. 1984; ROTI et al. 1993). No 
recurrences were observed after the final withdrawal of the steroids. Elevated 
serum IL-6 concentrations return to normal levels within days upon 
prednisone treatment (BARTALENA et al. 1994), those of serum thyroglobulin 
after 1 month (BROUSOLLE et al. 1989). 

The mechanism by which steroids are effective in AIT is not entirely clear. 
Dexamethasone inhibits in vitro the cytotoxic effect of amiodarone, and might 
do so in vivo as well (BRENNAN et al. 1995). Steroids can inhibit the proteolytic 
action of lysosomes. In destructive thyroiditis the proteolysis of thyroglobulin, 
mediated by lysosomal enzymes in the follicular cells, is increased probably 
due to an abnormally high release of lysosomal enzymes. The rapid effect of 
corticosteroids in AIT type II suggests inhibition of Tg proteolysis due to a 
lysosomal action (BONNYNS et al. 1989; BROUSOLLE et al. 1989). No good data 
are available on the efficacy of prednisone in AIT type I. 

Another option is potassium perchlorate (KCI04). Besides reducing the 
cytotoxic effect of amiodarone in vitro (BRENNAN et al. 1995), perchlorate 
inhibits iodide uptake by the thyroid gland. By doing so, it reduces 
intrathyroidal iodine content, thereby rendering thionamides more effective. 
Its use in AIT type I and type II has been pioneered by MARTINO et al. (1986c, 
1987). The results, after discontinuation of amiodarone, are as follows. When 
no treatment was given (n = 11) or when methimazole was administered in a 
daily dose of 40mg (n = 17), all patients were still hyperthyroid at 2 months. 
When KCI04 in a dose of 1 g daily for 15-45 days was added to methimazole 
treatment (n = 27),55% of patients with AIT type I (n = 18) and 100% of AIT 
type II (n = 9) were euthyroid at 2 months. Euthyroidism was restored within 
15-90 days in AIT type I patients with one exception, and within 6-55 days in 
AIT type II. After the withdrawal of KCI04, methimazole was required only in 
AIT type I patients. 

Others have reported similar results (NEWNHAM et al. 1987), although 
recurrent thyrotoxicosis was observed after an 8-day course of KCI04, which 
may be too short a period (DE WEWEIRE et al. 1987). The use of KCI04 has 
deliberately been limited to a daily dose of 1 g given for a short period in order 
to minimize the risk of serious side effects (e.g. agranulocytosis), which did not 
occur. The data suggest that short-term administration of KCI04 shortens the 
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period to reach euthyroidism after discontinuation of amiodarone, both in 
AIT type II in which spontaneous remission is the rule, and in AIT type I in 
which it reduces the otherwise prolonged refractoriness to thionamides. Since 
a prompt control of thyrotoxicosis is essential in cardiac patients, the advan
tage of the combined therapy of KCI04 and methimazole is self-evident. 

Of even greater advantage would be control of AIT despite continuation 
of amiodarone treatment. This goal can be reached by surgery, but also by 
medical management. AIT was successfully treated in five patients who con
tinued amiodarone with carbimazole alone (DAVIES et al. 1992); the reason 
for the discrepancy with previous descriptions of the ineffectiveness of 
thionamides in AIT is not clear. Three other patients with AIT were effec
tively treated with KCI04 and methimazole given simultaneously while treat
ment with amiodarone was continued; after 40 days, euthyroidism was 
maintained by methimazole alone (REICHERT and DE Rooy 1989). Finally, 
KCI04 and carbimazole restored euthyroidism in two AIT patients within 2 
months but the combination therapy was continued until serum TSH values 
had returned to the normal range, which occurred after 4 and 6 months, 
respectively; at that time both drugs were stopped and the patients remained 
euthyroid during follow-up despite continuation of amiodarone (TRIP et al. 
1994). Nine of these ten patients had AIT type II, which spontaneously remits. 
The implication of these findings is that it may not be necessary to discontinue 
amiodarone treatment in AIT type II: a short course of KCI04 and 
methimazole will rapidly restore euthyroidism, and can be stopped after nor
malization of serum TSH without great risk of recurrent thyrotoxicosis. 

Although effective treatment is available for AIT, the management of 
individual patients can be extremely difficult. In serious cases plasmapheresis 
has been tried, which is effective in removing thyroid hormones but cannot be 
considered as definitive therapy (UZZAN et al. 1991; AGHlNI-LOMBARDI et al. 
1993). Despite all efforts, some patients do not respond to multidrug treatment 
with thionamides, potassium perchlorate and steroids; of six patients with life
threatening AIT, four died ofthyroid storm (GEORGES et al. 1992; PECHE et al. 
1992; HAUPTMAN et al. 1993). 

3. Amiodarone Treatment in Pregnancy 

Treatment with amiodarone cannot always be avoided in pregnant women. In 
agreement with the absence of teratotoxicity in experimental animals 
(BARCHEWITZ et al. 1986; HILL and REASOR 1991), no increased incidence of 
congenital malformations has been reported so far (FOSTER and LOVE 1988; 
MAGEE et al. 1995). Exposure of the fetus to amiodarone, however, may result 
in fetal bradycardia, a prolonged QT interval and hypothyroidism 
(WIDERHORN et al. 1991). The occurrence of fetal hypothyroidism can be 
expected in view of the transplacental transfer of amiodarone, DEA and 
iodide. The thyroid state of the infant has been reported in 63 cases, including 
17 cases mentioned in discussion sections (summarized by WIDERHORN et al. 
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1991) and 46 cases reported individually (McKENNA et al. 1983; PITCHER et al. 
1983; REY et al. 1985, 1987; ROBSON et al. 1985; WLADIMIROFF and STEWARD 
1985; FOSTER and LOVE 1988; PENN et al. 1985; ARNOUX et al. 1987; LAURENT et 
al. 1987; STRUNGE et al. 1988; DE WOLFF et al. 1988; GEMBRUCH et al. 1989; 
WIDERHORN et al. 1991; MATSUMURA et al. 1992; PLOMP et al. 1992; V ALENSISE 
et al. 1992; DE CATTE et al. 1994; MAGEE et al. 1995). Amiodarone was admin
istered to the mother mainly because of maternal disease, but in a few cases 
because of tachycardia and congestive heart failure in the fetus. 

The mothers remained euthyroid, and had mostly no evidence of thyroid 
disease (but thyroid antibodies were not always measured). Abnormal thyroid 
function was observed in 14% of the children: two neonates (3%) had tran
sient hyperthyroxinaemia, and seven (11 %) had AIH associated with goitre in 
one. AIH in the neonate was not related to the dose and duration of 
amiodarone treatment in the mother (MAGEE et al. 1995). Interestingly, in this 
study the only two infants with an abnormal thyroid function were from 
mothers who had either compensated hypothyroidism or postpartum 
thyrotoxicosis. The data suggest a genetically determined susceptibility for the 
development of AIH in the fetus, in line with the preponderance of AIH in 
adults with underlying autoimmune thyroid disease. Although the congenital 
hypothyroidism induced by amiodarone treatment of the mother is likely to be 
transient (PLOMP et al. 1992), it seems too risky to await spontaneous recovery 
in view of the critical dependence of brain development on thyroid hormones. 
The majority of infants have been treated with thyroxine, in one instance 
already started in utero by intra-amniotic administration (DE CATTE et al. 
1994). Euthyroidism was maintained after discontinuation of thyroxine at the 
age of 5-20 months (DE WOLF et al. 1988; MAGEE et al. 1995). Growth, motor 
and mental development were normal in some (STRUNGE et al. 1988; MAGEE et 
al. 1995) but impaired in other AIH infants (DE WOLF et al. 1988; PLOMP et al. 
1992). 

The case reports demonstrate that amiodarone treatment in pregnancy is 
feasible and not necessarily associated with an adverse outcome. Even breast 
feeding has been allowed (PLOMP et al. 1992), despite the substantial excretion 
of amiodarone in milk. However, it seems wise to refrain as much as possible 
from amiodarone treatment in pregnant and breast feeding women because 
the fetus and neonate are very sensitive to iodide-induced hypothyroidism. 
This is further illustrated by the case of a neonate who at 13 h of age was given 
amiodarone in an oral dose of 10 mg/kg per day and developed AIH on day 13 
of life (HIJAZI et al. 1992). 

4. Amiodarone Treatment of Hyperthyroidism 

Whereas on the one hand amiodarone may cause thyrotoxicosis, on the other 
hand the drug may be used in the treatment of thyrotoxicosis, thus showing its 
Janus' face. The rationale for amiodarone therapy in Graves' hyperthyroidism 
and toxic multinodular goitre is the initial albeit transient suppression of 
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thyroidal hormone synthesis and release via the iodine excess generated by the 
drug, and the inhibition of extrathyroidal T4 to T3 conversion. Serum Ff4 and 
T3 decreased to a similar extent when amiodarone in a daily dose of 600mg or 
iodine in a daily dose of 18mg (equivalent to that released by amiodarone) was 
administered for 2 weeks to thyrotoxic patients, associated with symptomatic 
improvement; the response to carbimazole, started immediately after 
amiodarone, was, however, delayed in some patients (SHELDON 1983). Other 
studies have compared a combined regimen of antithyroid drugs (propyl
thiouracil or methimazole) and amiodarone with that of antithyroid drugs 
alone (VAN REETH et al. 1987; VAN REETH and UNGER 1991; RAJATANAVIN et al. 
1990): in all studies the decrease in serum T3 and T4 was faster and greater 
when amiodarone was added. Patients treated with the combined regimen 
experienced, in contrast to the conventionally treated group, a return of serum 
T3 to normal values within 5 days, and a greater fall in heart rate and gain in 
body weight; serum rT3 increased transiently. The combined regimen restored 
sinus rhythm in one patient with hyperthyroidism and atrial fibrillation within 
3 days (CAUCHIE et al. 1988). 

It remains questionable, however, whether addition of amiodarone is of 
much advantage in the management of uncomplicated hyperthyroidism. Ad
ministration of amiodarone for longer periods than 3-28 days (the duration of 
treatment in the above-mentioned studies) carries the risk of aggravation of 
the thyrotoxic state by escape from the Wolff-Chaikoff effect; this would be 
particularly unfortunate because the iodine excess renders thionamides less 
effective and precludes 1311 therapy. Amiodarone might be of potential benefit 
in the treatment of life-threatening thyrotoxicosis such as thyroid storm, espe
cially when cardiac arrhythmias are present, due to both its antiarrhythmic 
effects and its antithyroid effects exerted simultaneously in the thyroid and 
extrathyroidal tissues. This application has so far, however, not been reported. 

v. Summary 

Table 4 summarizes the main characteristics of AIR and AlT. The clinical and 
biochemical diagnosis of AIR usually poses no problems. The incidence in 
areas with a high environmental iodine intake is higher than that in iodine
deficient areas (13.2 % vs. 6.4 %). It occurs more often in females than in males, 
and relatively early during amiodarone treatment. It is caused by a failure of 
the thyroid gland to escape from the Wolff-Chaikoff effect (induced by the 
iodine excess generated from amiodarone), resulting in permanent inhibition 
of organification. This is more likely to happen in subjects with pre-existent 
autoimmune thyroiditis. Consequently, AIR is to a certain extent predictable, 
and females with thyroid antibodies have a high relative risk of developing 
AIR. 

Thyroidal radioiodine uptake is preserved in AIR despite the increased 
stable iodide pool, which is explained by the drop in an unknown product 
"X.I" of the organification that normally inhibits iodide uptake. Discon-



Amiodarone and the Thyroid 263 

Table 4. Characteristics of amiodarone-induced hypothroidism (AIH) and 
amiodarone-induced thyrotoxicosis (AIT) 

AIR 

Diagnosis TSH t, FT4 J.. 
Incidence Iodine-replete areas 

~ > d' 
First years of treatment 

Pathogenesis Failure to escape from 
Wolff-Chaikoff effect 

Predictability Females with thyroid antibodies 
Treatment T4, KCI04 

AIT 

TSH J.., FT4 t, T3 t or N 
Iodine-deplete areas 

d' > ~ 
During whole treatment period 
Type I: iodide-induced 

thyrotoxicosis 
Type II: destructive thyroiditis 
Unpredictable sudden onset 
Thionamides, KCI04, steroids, 

thyroidectomy 

tinuation of amiodarone will usually restore euthyroidism after 3-4 months, 
but permanent hypothyroidism may ensue in patients with underlying thyroid 
disease (as evident from the presence of thyroid antibodies). The time to reach 
euthyroidism can be shortened by potassium perchlorate, which acts by de
pleting intrathyroidal iodine stores. Thyroxine is effective in ablating AIH, 
and allows continuation of amiodarone, which in many patients will be the 
preferred mode of treatment. Fetal hypothyroidism occurs in 11 % of patients 
treated with amiodarone during pregnancy, and should be treated at once with 
thyroxine in view of the critical dependency of brain development on thyroid 
hormones. 

The clinical diagnosis of AIT can be difficult; worsening of the underlying 
cardiac disease and especially the re-occurrence of arrhythmia should arouse 
the suspicion of AlT. The biochemical diagnosis of AIT is straightforward if 
TSH is decreased and T3 increased. If T3 is not elevated, the biochemical 
pattern of T4 toxicosis occurring in some AIT patients may be difficult to 
distinguish from that in clinically euthyroid patients, who usually have an 
elevated FT4 and sometimes a suppressed TSH. The incidence of AIT in areas 
with a low environmental iodine intake is higher than that in iodine-replete 
regions (11.9% vs. 1.7%). AIT occurs more often in males than in females, and 
new cases of AIT continue to occur during the whole duration of treatment. 

Two types of AIT have been distinguished. AIT type I occurs in patients 
with pre-existent diffuse or nodular goitre; thyroidal radioiodine uptake re
mains inappropriately normal or even elevated, and serum IL-6 levels are 
moderately increased. AIT type II occurs in the absence of apparent thyroid 
abnormalities, thyroidal radioiodine uptake is appropriately low or sup
pressed, and serum IL-6 concentrations are markedly high. Accordingly, a 
different pathogenesis of both types is proposed. Type I is obviously caused by 
an increased thyroid hormone synthesis due to overrepletion of intrathyroidal 
iodine stores by the iodine excess. Type II is most probably the result of a 
destructive thyroiditis in which thyroid content is released into the circulation, 
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akin to subacute thyroiditis; amiodarone and DEA in view of their cytotoxic 
effect on thyrocytes (by interference with lysosomes) are more likely to be 
responsible for the destruction than iodine excess itself. Although a pre
existent goitre may predispose to AIT type I, the occurrence of AIT (espe
cially type II) is unpredictable. Thyroid function tests done at regular intervals 
are of little value for an early diagnosis of AIT in view of its sudden onset and 
the transient nature of a suppressed TSH in many patients (which may indicate 
an asymptomatic course of destructive thyroiditis with spontaneous cure). 

Treatment of AIT should be tailored to the patient's need, depending on 
the severity of AIT, which varies from mild to very severe, and on the cardiac 
condition, which mayor may not allow discontinuation of amiodarone treat
ment. Spontaneous recovery to euthyroidism within 3-5 months after stopping 
amiodarone is the rule in AIT type II, but the exception in AIT type I. 
Thionamides are less effective in patients with iodine excess. Combination 
therapy of thionamides and potassium perchlorate shortens the period until 
euthyroidism to less than 3 months in type I and less than 2 months in type II. 
Another option is prednisone, given for 7-12 weeks in combination with 
thionamides: this schedule is very effective in AIT type II. Since a prompt 
control of thyrotoxicosis is essential in these cardiac patients, the advantage of 
the combination of thionamides with potassium perchlorate or corticosteroids 
is evident. If discontinuation of amiodarone is not permitted, a total or near
total thyroidectomy solves the problem of AlT. Medical control of AIT under 
continuation of amiodarone can be sometimes achieved by long-term use of 
thionamides alone, but more often when given initially in combination with 
potassium perchlorate. The self-limiting nature of AIT type II allows 
discontinuation of the antithyroid drugs after some months, whereafter the 
euthyroid state is maintained despite continuation of amiodarone treatment. 

D. Amiodarone as a Thyroid Hormone Antagonist 
I. Hypothyroid-Like Effects of Amiodarone 

1. Heart 

Amiodarone is prescribed in clinical medicine for cardiac arrhythmias and 
angina pectoris. The rationale is given by its pharmacological actions, which 
include bradycardia, lengthening of the cardiac action potential, and depres
sion of myocardial oxygen consumption. These phenomena are identical to 
those observed in hypothyroidism (FREEDBERG et al. 1970; ROVETfO et al.1972; 
JOHNSON et al. 1973; GAVRILESCU et al. 1976; SHARP et al. 1985). Hypo
thyroidism produced by thyroidectomy was, in former days, a last resort to 
treat otherwise irremediable angina pectoris, and can relieve anginal com
plaints. Hypothyroidism also renders protection against cardiac arrhythmias 
(CHESS-WILLIAMS and COKER 1989; VENKATESH et al. 1991). The hypothesis 
has thus been put forward that amiodarone acts through the induction of a 



Amiodarone and the Thyroid 265 

local hypothyroid-like state in extrathyroidal tissues, notably the heart (SINGH 
1983). In view of the substantial decrease in T3 in plasma and extrathyroidal 
tissues induced by amiodarone via inhibition of T4 5'-deiodination (see Sect. 
B.II), the hypothesis is quite attractive: it is schematically represented in Fig. 
10. 

a) Electrophysi%gica/ Ljfects 

The electrophysiological changes produced by amiodarone in experimental 
animals are prevented by the simultaneous administration of T4 or T3 (SINGH 
and VAUGHAN WILLIAMS 1970; PATTERSON et al. 1986). In humans too, the 
prolongation of the QTc interval induced by amiodarone is abolished by oral 
administration of T3, although the therapeutic effect of amiodarone as judged 
from the frequency of ventricular premature complexes was not lost upon the 
addition of T3 (POLIKAR et al. 1986). The proposed hypothesis is not supported, 
however, by studies with iopanoic acid, a radiographic contrast agent as potent 
as amiodarone in inhibiting the conversion of T4 into T3. Iopanoic acid did not 
produce bradycardia or QT prolongation in guinea pigs (LINDENMEYER et al. 
1984; STAUBLI and STUDER 1986) nor did it reduce the frequency of ventricular 
premature complexes in humans (MEESE et al. 1985), despite changes in serum 

Euthyroid 

Hyperthyroid 

Hypothyroid 

Amiodarone 

Extrathyroidal 
tissues 

Receptor 
(heart) 

Postreceptor effect 
(action potential duration) 

===(> T4 ---=-{> T3 =~-=~ T~V) ===0 ~ 
===(> rT3 

Fig. 10. Hypothetical scheme of the mechanism of action of amiodarone by the induc
tion of a local "hypothyroid-like" condition of the heart. The duration of cardiac action 
potentials is viewed as a post receptor effect of nuclear T3 receptors in the heart. 
Receptor occupancy is decreased in hypothyroid and in amiodarone-treated patients, 
resulting in an identical lengthening of the action potential. (Reproduced with permis
sion from WIERSINGA and TRIP 1986) 
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T4, T3 and rT3 comparable to those during amiodarone treatment. Further
more, the prolongation by amiodarone of the ventricular refractory period 
in rats is not related to the thyroid state (LAMBERT et al. 1987), and the 
antiarrhythmic efficacy of amiodarone in humans is not related to the increase 
in serum rT3 (KERIN et al. 1986), although this has been disputed (NADEMANEE 
et al. 1982). 

b) Effect on ~-Adrenergic Receptors 

Hypothyroidism reduces the number of ,B-adrenergic receptors in heart 
plasma membranes, but does not affect the affinity constant. Amiodarone 
treatment also reduces the MBC but not the Kd of cardiac ,B-adrenoreceptors 
as observed in rats, rabbits, pigs and humans (NOKIN et al. 1983; VENKATESH et 
al. 1986; BJ0RNERHEIM et al. 1991; G0TZSCHE 1993; G0TZSCHE and ORSKOV 
1994); the decrease in receptor number is roughly dose dependent, of the 
order of 14%-45%, which is similar to that in hypothyroidism. Addition of T3 
to the treatment with amiodarone restores the receptor number as well as the 
heart rate, which is reduced by amiodarone as a function of the cardiac ,B
adrenoceptor density (PERRET et al. 1992). Iopanoic acid, despite decreasing 
serum T3 and T4 5'-deiodination as potent as amiodarone, did not affect ,B
adrenoceptor density or heart rate (PERRET et al. 1992). When amiodarone is 
given to hypothyroid animals, it has no effect on receptor number; the increase 
in receptor density following TJ treatment of hypothyroid animals, however, is 
significantly reduced by amiodarone (HARTONG et al. 1990; YIN et al. 1992). 
The data suggest that a minimum quantity of thyroid hormone is required for 
this action of amiodarone. 

Further proof of this has been obtained in chick embryo cardiac myocytes 
(YIN et al. 1994). When the cells were cultured for 48h in serum-free medium, 
amiodarone did not influence ,B-adrenoceptor density. T3 increased receptor 
number, with an initial 30% increase between 10-14 and 10 -11 M, followed by a 
second larger increase up to 10-7 M. Amiodarone in a concentration of 10-7 M 
inhibited both effects of TJ. The implications of this finding are twofold. First, 
it strengthens the notion that amiodarone has no direct effect, independent of 
TJ, on cardiac ,B-adrenoceptors (DISATNIK and SHAINBERG 1991). Second, 
amiodarone may inhibit the TJ-induced increase in receptor density in two 
ways. TJ has two types of effect on J3-adrenoceptors: one occurs rapidly inde
pendent of protein synthesis, the other appears more slowly and is dependent 
on protein synthesis. It is tempting to speculate that the first effect occurring at 
10-12 M TJ is non-genomic, and that the second effect apparent at a higher TJ 
concentration around 10-9 M is genomic. Amiodarone may inhibit the first 
effect seen at low TJ concentrations by decreasing the efflux rate of internal
ized J3-adrenoceptors to the cell surface, presumably via an extranuclear action 
of the drug on membranes. The inhibitory effect of amiodarone on the second 
effect seen at higher TJ concentrations is likely to be due to a decreased 
synthesis of J3-adrenoceptors via a genomic action of the drug on the TJ-
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responsive gene encoding for the j3-adrenergic receptor (CHANG and KUNOS 
1981; HARTONG et al. 1990; YIN et al. 1994). 

Neither amiodarone nor DEA inhibits the in vitro binding of 
r2SI]cyanopindolol to cardiac membranes (G0TZSCHE 1993), although an ear
lier report did note inhibition (VENKATESH et al. 1986). 

c) Effect on Myosin and Contractility 

Three isoforms of the contractile protein myosin are identified in the heart, 
differing in their myosin heavy chains (MHC): the VI isoenzyme contains two 
aMHC, has a high Ca2+ ATPase activity, and is associated with a high contrac
tile velocity of cardiac fibres; the V3 isoenzyme contains two j3MHC, has a low 
Ca2+ ATPase activity, and is associated with a low contractile velocity; the V2 
isoenzyme is composed of an a/ j3-heterodimer and is of intermediate activity 
with regard to Ca2+ ATPase and contractile performance. The a- and f3-MHC 
are encoded by separate genes, regulated inversely by T3 at the transcriptional 
level. In the heart of euthyroid rats the VI isoform predominates: aMHC is 
expressed at high and j3MHC at low levels. In hypothyroidism there is a shift 
from VI to V3 expression: aMHC decreases and j3MHC increases both at the 
mRNA and protein level. In amiodarone-treated rats a similar shift from VI to 
V3 is seen, although the decrease in aMHC and the increase in -30%-40% in 
j3MHC isoforms are less than in hypothyroid animals (WIEGAND et al. 1986; 
BAGCHI et al. 1987; PARADIS et al. 1991). The changes are found in mRNA 
and protein levels (with one discrepancy of an amiodarone-induced increase 
in aMHC mRNA despite a decrease in the VI isoenzyme) (FRANKLYN et al. 
1987). The effect of amiodarone is abolished by the addition of T3 (BAGCHI 
et al. 1987; FRANKLYN et al. 1987; PARADIS et al. 1991). The effect of 
amiodarone is smaller when given to hypothyroid animals, again suggesting 
that the effect is thyroid hormone dependent (FRANKLYN et al. 1987; PARADIS 
et al. 1991). 

In line with the changes in myosin isoforms, the Ca2+ ATPase activities of 
myosin decrease in hearts of amiodarone-treated rats, although to a lesser 
extent than in hearts of hypothyroid rats; the effect of amiodarone is abolished 
by T3 (BAGCHI et al. 1987). No effect of amiodarone was observed on Na+ K+ 
ATPase activity. The acute increase in cardiac performance in response to 
intravenous T3 is blunted in pigs pretreated with amiodarone (G0TZSCHE 
1994). The data indicate that amiodarone impairs myocardial contractility 
through hypothyroid-like changes in the gene expression of a- and f3-MHC. 
This genomic effect seems to be dependent on thyroid hormones: in chicken 
cardiac myocytes cultured for 48 h, the inotropic response to isoproterenol 
(not to Ca2+) was inhibited by amiodarone only if T3 was present in the culture 
medium (YIN et al. 1994). 

Finally, it has been reported that amiodarone treatment increases the 
number of voltage-operated (dihydropyridine-sensitive) Ca2+ channels in rat 
heart membranes; the effect is smaller but otherwise similar to that observed 
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in hypothyroidism (G0TZSCHE 1994; G0TZSCHE and ORSKOV 1994). It is un
known if this effect is genomic or non-genomic. 

2. Liver 

a) Effect on Low-Density Lipoprotein Receptors 

Plasma cholesterol gradually increases from 5.1 ± O.2mmolll before treatment 
to 6.9 ± 0.8mmol/l after 30 months of amiodarone treatment in humans. It is 
associated with an equal increase in apoprotein B, indicating a rise of low
density lipoprotein (LDL) cholesterol. When age- and sex-specific reference 
values were applied, 30% of the patients had cholesterol values above the 75th 
percentile before treatment; this number rose to 69% after 2 years of treat
ment (WIERSINGA et al. 1991). The increase in plasma cholesterol is also 
described in other studies (ALBERT et al. 1991; POLLAK et al. 1988; KASIM et al. 
1990); the negative results of three early studies can be explained by the short 
treatment period of 6-13 weeks (PRITCHARD et al. 1975; SONNENBLICK et al. 
1986; GOTTLIEB and SONNENBLICK 1989), because the rise of plasma cholesterol 
develops slowly, being significant after 1 year of treatment. Plasma cholesterol 
was not related to the daily dose of amiodarone or to plasma concentrations of 
amiodarone, DEA, T4, T3, or rT3; it was directly related to the cumulative dose 
of amiodarone, and inversely to plasma TSH (Fig. 11) (WIERSINGA et al.1991). 
It appears that an increasing cumulative dose of amiodarone has two effects 
independent of each other: one is a rise of plasma cholesterol not related to 
plasma thyroid hormone concentrations nor caused by changes in plasma 
TSH, the other a decrease within the normal range of plasma TSH associated 
with higher plasma T4 and lower plasma T3 values. Both effects apparently are 
separate manifestations of extensive tissue deposition of the drug and its 
metabolite, which occurs slowly (Sect. A.II.3). 

The hypercholesterolaemic effect of amiodarone, akin to that of 
hypothyroidism, has been reproduced in a dose-dependent manner in experi
mental animals (KANNAN et al. 1982; WIERSINGA and BROENINK 1991). Using 
the rat as a model, it was shown that the amiodarone-induced 60% increase in 
plasma LDL cholesterol was associated with a decrease in -50% in hepatic 
mRNA encoding for the LDL receptor; liver mRNAs encoding for cholesterol 
7a-hydroxylase and HMG-CoA reductase (the other key proteins in choles
terol metabolism) did not change (HUDIG et al. 1994). Subsequent studies 
revealed that the fall in LDL receptor mRNA was not due to increased 
degradation of the mRNA, and was followed by a decrease of -45% in liver 
LDL receptor protein; the decrease in both LDL receptor mRNA and protein 
was reversed by treatment with T3 (HUDIG et al. 1997). The data strongly 
suggest that the hypercholesterolaemic effect of amiodarone is due to a de
creased transcription of the Trresponsive gene encoding for the LDL recep
tor; precisely the same mechanism is involved in the classical increase in LDL 
cholesterol in hypothyroidism. 
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Fig. 11. Increase in plasma cholesterol and decrease in peak TSH response to TRH 
and in plasma T3 as a function of the cumulative dosage of amiodarone, observed in 
euthyroid patients who maintained a normal TRH test during amiodarone therapy. 
(Reproduced with permission from WIERSINGA et al. 1991) 

b) Effect on Lipoprotein Lipase 

Treatment with amiodarone in humans results in a slight decrease in plasma 
triglycerides (WIERSINGA et al. 1991), presumably related to an increase in 
postheparin lipoprotein lipase activity as hepatic triglyceride lipase does not 
change (KASIM et al. 1990). This contrasts with the rise of plasma triglycerides 
during hypothyroidism in humans, which is due to a decreased postheparin 
lipolytic activity. The situation in the rat is different. In this animal, both 
amiodarone treatment and hypothyroidism increase serum triglycerides and 
adipose tissue lipoprotein lipase activity, and decrease hepatic triglyceride 
lipase activity. Addition ofT3 to the treatment with amiodarone reverses these 
changes, except hepatic triglyceride lipase activity, which remains low (KASIM 

et al. 1987). 

c) Effect on Other Proteins 

Administration of T3 increases and treatment with amiodarone decreases 
transcription of the phosphoenolpyruvate carboxykinase gene in rat liver 
(HARTONG et al. 1987). Another T3-responsive hepatic gene, "spot 14", en
codes for an unknown protein involved in lipid metabolism. Its mRNA is 
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increased by amiodarone with a return to normal values upon addition of T3; 
in contrast, hypothyroidism decreases its mRNA, and no further decrease is 
seen when these hypothyroid rats are treated with amiodarone (FRANKLYN et 
al. 1989). Amiodarone also decreases the liver content of a-glycerophosphate 
dehydrogenase and malic enzyme, two other T3-responsive gene products; the 
effect can be abolished by T3 (PEKARY et al. 1986). 

3. Pituitary 

a) Effect on TSH 

In perifused rat pituitary fragments, TRH-induced TSH release and intracel
lular Ca2+ levels are acutely enhanced by T3, obviously via a non-genomic 
action. Amiodarone reverses but DEA potentiates both effects of T3 (ROUSSEL 
et al. 1995). The effect of DEA (as of T3) is abolished by the Ca2+ channel 
blocker nifedipine. The data suggest rapid non-genomic effects on 
dihydropyridine-sensitive Ca2+ channels in which amiodarone antagonizes the 
effect of T3 acting as a Ca2+ channel blocker, whereas DEA acts as a Ca2+ 

channel agonist. In this respect it is interesting to note that amiodarone, but 
not DEA, competitively inhibits the in vitro binding of [3H]nitrendipine or 
[3H]PN200-110 to the l,4-dihydropyridine-binding sites which are associated 
with calcium channels (NOKIN et al. 1986; G0TZSCHE 1993). 

Genomic effects of amiodarone on the transcription of the genes encoding 
for the a- and ,B-subunits of pituitary TSH have been discussed in Sect. B.II.3. 
Amiodarone in vitro and in vivo, when given to euthyroid rats, increases the 
synthesis and release of TSH, as in hypothyroidism, which is reversed by 
thyroid hormone. Although amiodarone treatment of hypothyroid rats de
creased rather than increased TSH synthesis and release (FRANKLYN et al. 
1987), this does not necessarily imply a thyroid hormone agonist activity of the 
drug in view of the higher serum T4 and T3 levels in the amiodarone-treated 
hypothyroid rats than in the untreated hypothyroid rats. 

b) Effect on Prolactin 

In euthyroid rats, amiodarone treatment reduces pituitary prolactin (PRL) 
mRNA as in hypothyroid animals; neither state, however, affected pituitary 
PRL content or serum PRL. In hypothyroid rats treated with amiodarone, the 
reduction in PRL mRNA was less marked. A direct inhibitory effect of 50 p,M 
amiodarone on PRL mRNA and PRL release was noted in rat anterior pitu
itary cells cultured for 24h, which was antagonized by T3 (FRANKLYN et al. 
1987). 

c) Effect on Growth Hormone 

Treatment of euthyroid rats with amiodarone changes neither pituitary growth 
hormone (GH) mRNA and GH content nor serum GH. In hypothyroid rats, 
GH mRNA and serum GH are decreased, and restored to normal by 
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amiodarone treatment (FRANKLYN et a1. 1987). In cultured rat pituitary GC 
cells, exposure to amiodarone for 2 days did not influence basal GH mRNA 
levels; amiodarone, however, dose dependently inhibited the T3-induced in
crease in GH mRNA, evident already at 1flM (NORMAN and LAVIN 1989). The 
effect on GH mRNA paralleled the inhibitory effect of amiodarone on nuclear 
T3 binding in these cells, indicating competitive antagonism of amiodarone to 
thyroid hormone action. It could be overcome by an excess of T3. Finally, the 
stimulatory effects of T3 on [3H]thymidine incorporation in rat pituitary GH3 
cells are inhibited by amiodarone at concentrations of ~O.5 flM (GOLDFINE 
et a1. 1982). 

The various hypothyroid-like effects of amiodarone and their reversibility 
by thyroid hormone are summarized in Table 5. 

II. Amiodarone as a T 3 Receptor Antagonist 

1. Inhibition of T3 Binding to Nuclear T3 Receptors 

Amiodarone and DEA are strongly lipophilic substances. They are therefore 
easily dissolved in ethanol, but come out of solution in a hydrophylic environ
ment. This may explain conflicting reports on the in vitro effect of amiodarone 
on the binding of T3 to its nuclear receptor proteins. Amiodarone does not 
appreciably affect the binding of T3 to nuclei isolated from rat liver (SOGOL et 
a1. 1983; WILSON 1989), but DEA exerts an inhibitory effect with a Kd value of 
8.6flM (LATHAM et a1. 1987). Similarly, amiodarone does not (but DEA does) 
inhibit the T3 binding to nuclear T3 receptors isolated from rat and pig hearts 
(Kd atrium 35 flM, ventricle 27 flM - LATHAM et a1. 1987; G0TZSCHE and 

Table 5. Hypothyroid-like effects of amiodarone in various tissues 

Tissue effect Hypothyroidism Amiodarone Amiodarone + T3 

Heart 
QTc interval 1 1 N 
Heart rate J, J, N 
,B-Adrenoceptor density J, J, N 
Ca2+ ATPase activity of myosin J, J, N 
DHP-sensitive Ca2+ channels 1 1 

Liver 
LDL receptor density J, J, N 
Triglyceride lipase activity J, J, J, 
Spot 14 mRNA J, 1 N 

Adipose tissue 
(i) 1 Lipoprotein lipase activity N 

Pituitary 
1 1 TSH synthesis and release N 

PRLmRNA J, J, N 
GHmRNA J, J,* N 

I, increase; J" decrease; N, return to normal; (I), increase not significant; J,*, decrease not 
of basal but only of Trinduced increase; for full explanation, see text. 
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ORSKOV 1994). In isolated rat anterior pituitary cells amiodarone inhibited the 
in vitro T3 binding dose dependently, and in a competitive manner as tested at 
1 mM (FRANKLYN et al. 1985). In rat pituitary tumour cells amiodarone also 
acted as a competitive antagonist to nuclear T3 binding with a Kd of 1.6p.M 
(NORMAN and LAVIN 1989). This study was done in the presence of a vehicle 
consisting of (vol/vol) 88.8% H20, 9.3% Tween-80 and 1.9% benzylalcohol 
(cf. Sect. A.lV.2) in order to keep amiodarone in solution. Tween-80 itself, 
however, is a competitor of T3 binding (BAKKER et al. 1994), and the reported 
effect may be due to Tween-80 and not to amiodarone. The effect of DEA in 
pituitary cells has not been studied. 

Further studies employing the chicken CXt-T3 receptor (TRa1) and the rat 
f3eT3 receptor (TRf31) expressed in E. coli have shed more light on this issue 
(BAKKER et al. 1994; VAN BEEREN et al. 1995). Amiodarone and DEA stayed in 
solution up to lO-4M when 0.05% Triton X-lOO was added to the incubation 
buffer. DEA, but not amiodarone, had a clear inhibitory effect on the binding 
of T3 to its receptors, being slightly greater with respect to TRf31 than to TRCXt 
(Table 6). The type of inhibition differs for the two T3 receptors. DEA is a 
non-competitive inhibitor of T3 binding to TRf31 (it decreases dose depen
dently K. as well as MBC), whereas it is a competitive inhibitor of T3 binding 
to TRCXt (decreasing dose dependently K. but not MBC). The Ki for the 
binding of DEA to the occupied TRf31 is 30 f.lM, but DEA has almost no effect 
on the occupied TRa1. The effect of DEA on the unoccupied TRf31 and TRCXt 
is progressively stronger as DEA concentrations rise. The intracellular con
centrations of DEA reached in vivo are high enough (50-500 f.lM/cell) (BERGER 
and HARRIS 1986) for the drug to be able to interfere with T3 action. A recent 
study employing human TRf31 expressed in insect cells reports non-competi
tive inhibition of amiodarone at 0.25-2f.lM and competitive inhibition at 2-
8f.lM (DRVOTA et al. 1995a). 

Table 6. Characteristics of the inhibition of the binding of [125I]TJ to the a1-TJ receptor 
and {JeTJ receptor by amiodarone and its analogues' in vitro. (Reproduced with 
permission from VAN BEEREN et al. 1996) 

IC50 (10-5 M) Inhibition IC50 (10-5 M) Inhibition 

Amiodarone 
Desethylamiodarone 
Desdiethylamiodarone 
Monoiodoamiodarone 
Desdiiodoamiodarone 
L3373 (two iodine atoms) 
L6424 (one iodine atom) 
L3372 (no iodine atom) 

>20 
4.7 ± 0.9 
3.7 ± 0.9 

>20 
16.2 ± 5.6 
3.8 ± 1.0 

11.3 ± 5.7 
No inhibition 

'For the molecular constitution, see Fig. 2. 
bYalues lower than those of TRa,. 

>20 
Competitive 2.7 ± l.4b Non-competitive 
Competitive 1.9 ± 0.3b Non-competitive 

>20 
Competitive 9.1 ± 2.1b Non-competitive 
Competitive 3.6 ± 0.5 Competitive 

10 ± 2.0 
No inhibition 
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2. Structure-Function Relationship 

The molecular conformations of amiodarone, DEA and benziodarone are 
similar (Fig. 12): the carbonyl oxygen is s-trans to the benzofuran C(2)-C(3) 
double bond, the phenyl ring is in a twist conformation about the carbonyl 
bridge to the benzofuran ring system, the ethoxy side chain is perpendicular to 
the phenolic ring, the n-butyl side chain is folded back over the iodophenyl 
ring and the amine is protonated in amiodarone and DEA. There is a change 
from +gauche (amiodarone) to -gauche (DEA) in the 2-side chain and N
ethylamino group, which causes these two structures to have different overall 
conformations (CODY and LUFT 1989). 

In order to understand how these drugs might act as inhibitors of thyroid 
hormone responsive enzymes and of T3-receptor binding, computer graphics 
modelling studies have been carried out to compare their molecular structures 
with those of iodothyronines. T4 and T3 are observed only in the skewed 
conformation because the bulky ortho-tyrosyl iodines restrict flexibility. Re
verse T3, being more flexible with only a single tyrosyl substituent, has been 
observed in an antiskewed conformation. Amiodarone and its analogues are in 
twist conformation. The iodophenolic ring of amiodarone can be matched with 
either the tyrosyl or the phenolic ring of skewed T4 or antiskewed rT3. The best 
fit with T4 was obtained by superposition of the phenolic (outer) ring of T4 
(CODY and LUFT 1989). Another computational analysis also reports that 
superimposing the benzoylbenzofuran moiety of amiodarone on the inner ring 

Amlodarone 

Benzlodarone 

Oesethylamlodarone 

Thyroxine 
Inyroxlne 

Fig. 12. Molecular conformation of amiodarone, DEA, benziodarone and T3• (Repro
duced with permission from CODY and LUFf 1989) 
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of T 3 and the diiodophenyl group on the outer ring provides the largest overlap 
of molecular volumes and gives the closest match of functional groups be
tween amiodarone and T3 (CHALMERS et al. 1992). Other models, however, 
cannot be excluded. 

To obtain more insight into the structure-function relationship of the 
interaction between amiodarone metabolites and T3 receptors, several 
amiodarone analogues have been tested: compounds obtained by dethylation 
of amiodarone, compounds obtained by deiodination of amiodarone, and 
benzofuran derivatives with various iodination grades (Table 6). The results 
are as follows (VAN BEEREN et al. 1996): removal of one or two ethyl groups of 
amiodarone results in compounds with strong but almost equal potency 
of inhibiting T3 receptor binding, whereas removal of one or two iodine atoms 
of amiodarone has a lower potency in this respect. The strong inhibition of the 
benzofuran derivative L3373 is lost upon deiodination. The analogues act as 
competitive inhibitors to the TRlXt, and as non-competitive inhibitors to the 
TR,81 (except L3373 which was competitive). All tested analogues preferen
tially interfere with T3 binding to unoccupied receptors. The implications of 
these findings for the structure-activity relationship are: (1) the size of the 
diethyl substituted nitrogen-group and of the two bulky iodine atoms in the 
amiodarone molecule hamper the binding of amiodarone at the T3-binding site 
of T3 receptors; and (2) differences in the hormone-binding domain of TRa1 
and TR,81 are likely to account for the competitive or non-competitive nature 
of inhibition of T3 binding by amiodarone analogues. 

III. Summary 

The majority of the effects of amiodarone in various tissues are hypothyroid
like in nature and reversible by thyroid hormone, as summarized in Table 5. 
The evidence is most solid for the prolongation of the QTc interval, the lower 
heart rate, reduced ,B-adrenoceptor density, decreased Ca2+ ATPase of myosin 
in the heart, and reduced LDL receptor density in the liver. The evidence is 
less complete for dihydropyridine-sensitive Ca2+ channels and the triglyceride 
and lipoprotein lipase activities. The findings are sometimes contradictory, 
especially in the case of pituitary effects. 

The observations allow a number of generalizations about the 
hypothyroid-like effects of amiodarone. First, the effect of amiodarone is 
usually less pronounced than that of hypothyroidism (observed for myosin, 
Ca2+ ATPase and DHP-sensitive Ca2+ channels). Second, the effect of 
amiodarone appears to be dependent on thyroid hormone. This is inferred 
from the following findings: (1) the effect of amiodarone is less marked in 
hypothyroid animals than in euthyroid animals (observed for myosin and ,B
adrenoceptors); (2) the effect of amiodarone in vitro may not be present in the 
absence of T3 (observed for ,B-adrenoceptors, myocyte contractility and GH 
mRNA). Third, the effect of amiodarone cannot be explained solely by the 
inhibition of T4 conversion into T3, because other drugs such as iopanoicacid 
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equally potent in inhibiting type I 5'-deiodination do not induce hypothyroid
like effects (observed for heart rate, QTc interval and ,B-adrenoceptors). 
Fourth, although the inhibitory actions of amiodarone concern Trdependent 
tissue effects, some T3-responsive genes may not be affected by amiodarone 
(e.g. HMGCoA reductase and cholesterol 7 a-hydroxylase). Fifth, the effects 
of amiodarone can be genomic or non-genomic. Good evidence exists for the 
genomic effect on a- and ,B-myosin heavy chains in the heart and on the LDL 
receptor in the liver: transcription of the involved genes is modulated by 
amiodarone qualitatively similar to the changes in hypothyroidism. The effect 
on ,B-adrenoceptor density is probably a mixed one: the early decrease in 
receptor number may be mediated by non-genomic effects on membranes, 
resulting in a low efflux rate of internalized ,B-adrenoceptors to the cell surface, 
while the late decrease in receptor number may be genomic by interference 
with the gene encoding for ,B-adrenoceptors, resulting in a decreased synthesis 
of receptors. The effect on dihydropyridine-sensitive Ca2+ channels in view of 
its rapidity and the electrophysiological effects are likely to be non-genomic. 

Amiodarone thus appears to have multiple site of actions, resulting 
in tissue effects that are usually T3 dependent. Non-genomic effects of 
amiodarone may be related to membrane changes (see Sects. A.IlI.1, A.V.2 
and B.II.2a), resulting in alterations in ion channels and cellular fluxes. Inhibi
tion of type I 5' -deiodinase, the most familiar effect of amiodarone, may be a 
non-genomic effect, resulting in markedly decreased tissue T3 concentrations. 
This is dramatic in the heart: T3 content is 1.55 ± 0.46nmollkg in euthyroid rat 
hearts and 0.06 ± O.OSnmol/kg in amiodarone-treated rat hearts (G0ZTSCHE 
and ORSKOV 1994). The low tissue concentrations of T3 may enhance the 
inhibitory effect of DEA on the binding of T3 to nuclear T3 receptors, because 
DEA and the other amiodarone metabolites preferentially interfere with un
occupied T3 receptors. In view of the slow accumulation of DEA in tissues it 
is conceivable that the genomic effects of amiodarone develop slowly. This is 
in good agreement with the clinical experience that the hypercholesterolaemic 
effect of amiodarone, mediated via a reduced transcription of the LDL recep
tor gene in the liver, becomes evident gradually dependent on the cumulative 
dose of amiodarone. 

DEA is a non-competitive inhibitor of the binding of T3 to the ,BCT3 
receptor (IC5o 27 j1M), and a competitive inhibitor for the aCT3 receptor (IC50 

47 j1M). The intracellular concentrations of DEA reached in vivo are high 
enough (50-500j1M) for the drug to be able to interfere with T3 binding. 
Decreased nuclear T3 receptor occupancy will explain modulation of transcrip
tion by amiodarone, but other mechanisms (such as interference with dimer
ization of receptors) are not excluded. The precise mechanism in which DEA 
interferes with the transcription of T3-responsive genes thus remains to be 
elucidated. Structural similarities between amiodarone, DEA and T3 certainly 
favour the idea that DEA competes with T3 at or close to the Trbinding site 
of a j- and ,Bj-T3 receptors. In view of the structural similarities the drug may 
theoretically act as a thyroid hormone agonist (explaining some of the conflict-
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ing data in the literature), but the overriding conclusion from both in vitro and 
in vivo studies is that the drug behaves mainly as a thyroid hormone antago
nist. The available studies provide good evidence for the hypothesis that one 
of the mechanisms of action of amiodarone is the induction of a local 
"hypothyroid-like" condition in many tissues, notably in the heart. DEA 
rather than amiodarone itself seems to be responsible for the hypothyroid
like actions. The drug appears to meet the criteria of a thyroid hormone 
antagonist. 
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CHAPTER 11 

Effects of Other Pharmacological Agents on 
Thyroid Function 
c.A. MEIER and A.G. BURGER 

A. Introduction 
Pharmacological agents can modulate thyroid function at all levels, as illus
trated in Fig. 1. Glucocorticoids, somatostatin, dopaminergic (dopamine, 
bromocriptine) and antidopaminergic agents (e.g. metoclopramide, 
droperidol) can all alter pituitary thyroid-stimulating hormone (TSH) 
secretion when present in pharmacological doses, as discussed in Chap. 2, 
this volume. Iodine, antithyroid drugs, lithium and amiodarone all have 
effects on thyroidal hormone production and these agents are discussed in 
detail in Chaps. 7-10, this volume. Steroids, diuretics, heparin and non
steroidal anti-inflammatory drugs have effects on thyroid hormone transport, 
thereby altering the total, but not free, hormone levels, as detailed in 
Chap. 5, this volume. However, additional substances are rare but important 
modulators of thyroid function and thyroid hormone metabolism, and 
they are the subject of the present chapter. At the level of the thyroid, 
sulphonamides, op'DDD, aminogluthethimide, cyanate, selenium, noradrena
line, cytokines and growth hormone influence hormonogenesis at various 
steps (Fig. 2). The early steps involved in thyroid hormone metabolism 
through a system of three different organ-specific deiodinases are subject to 
interference by iodinated drugs, propylthiouracil (PTU), f3-adrenoceptor 
blockers and glucocorticoids. In addition, the final degradation of thyroid 
hormones can be altered by a variety of microsomal enzyme inducers, such as 
anti epileptics and rifampicin. These interactions are of particular interest 
when dealing with patients on exogenous thyroid hormone therapy. Finally, 
knowledge about the drugs known to interfere with intestinal thyroxine ab
sorption (sucralfate, ferrous sulphate, cholestyramine, colestipol, aluminum 
hydroxide) is of equal importance in the management of the latter group of 
patients. 

B. Effects of Various Drugs on Thyroidal 
Hormonogenesis 
Early reports of sulphonamides interfering with thyroid hormone synthesis 
have been documented, but none of the currently used sulphonamides is 
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somatostatin, ocueotide 
dopamine, bromocriptine 
metoclopramide, droperidol 
glucocorticoids 

iOdine 
propylthiouracil , methimazole 
lithium 
amiodarone 
sulfonamides 
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norepinephrine 
cytokines 

cholestyramine 
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aluminum hydroxide 
phenytoin 
propranolol 
charcoal 

Fig. 1. Possible sites of drug interference with thyroid function 

known to maintain this effect. Inhibitors of steroidogenesis have been reo 
ported also to affect thyroid function, including aminogluthetimide and 
op'DDD. However, these effects are not well documented and are unlikely 
to have a direct influence on thyroid synthesis or release (BROWN et al. 
1986). 
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Fig. 2. Schematic illustration of a thyroid follicle: 1, trapping of iodide by the iodide 
pump at the basolateral membrane of the follicular cell; 2, thyroid hormone synthesis 
at the apical cell membrane; TPO, thyroid peroxidase; TG, thyroglobulin; 3, secretion 
of thyroid hormones after proteolysis of thyroglobulin 

Regarding dietary effects, the thiocyanates are of particular interest. Their 
effects as an inhibitor of iodide trapping are well known and have even been 
used therapeutically. Also, in severe iodine deficiency areas, thiocyanate-rich 
food (cassawa roots, brassica vegetables) inhibits the already low iodine up
take of the thyroid and greatly increases the severity of the clinical picture of 
cretinism (BOURDOUX et al. 1978). Even in countries of moderate iodine intake 
such as Denmark, smoking - which can result in considerably increased thio
cyanate levels - is positively correlated with increased thyroid size and slightly 
higher serum TSH levels (HEGEDUS et al. 1985). 

Another ingredient of nutrients, the selenium ion, may have a protective 
effect on the thyroid. Thyroid hormone synthesis is obligatorily linked to an 
oxidative stress which is related to the peroxidative iodination of thyroglobu
lin. Thyroid glutathione peroxidase is responsible for the reduction of excess 
H20 2 and superoxide. It is a selenoprotein and is markedly decreased in severe 
selenium deficiency. In rats, it has been clearly documented that selenium 
deficiency, together with iodine deficiency, can lead to cell death, and it has 
been postulated that in these highly stimulated thyroids the protection from 
the oxidative stress is insufficient. In the human this might be a relevant factor 
explaining iodine-deficient myxoedematous cretinism presenting with an atro
phic thyroid, a clinical finding known to occur in areas of combined iodine and 
selenium deficiency (THILLY et al. 1992; DUMONT et al. 1994; CONTEMPRE et al. 
1995). 

The relation between the sympathetic nervous system and thyroid func
tion has been a constant area of clinical and research interest. The work of 
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MELANDER and his collaborators (MELANDER et al. 1974, 1975a,b; EKHOLM 
et al. 1975) has clearly established a net influence of the adrenergic nervous 
system on thyroid hormone synthesis and secretion. The demonstration of 
interfollicular sympathetic and parasympathetic nerve terminals has provided 
the morphological basis for this link. The /3z-adrenoceptor agonists are able to 
stimulate iodide uptake and cAMP-stimulated thyroglobulin synthesis. The 
effect is, however, not specific to /3z-adrenoceptors, since in vivo a-adrenergic 
stimulation can also be demonstrated. On the other hand, cholinergic stimuli, 
through their direct nerve endings at thyroid follicules, can reduce the secre
tion of thyroid hormones in dogs. Despite these comprehensive studies, evi
dence in humans for adrenergic effects on thyroid function is sparse. An 
increase in serum T4 has been observed in an amphetamine-treated patient 
and transient increases in serum T4 are observed in acutely psychotic patients, 
possibly reflecting the increased sympathetic activity (PALMBLAD et al. 1979). 
However, in phaeochromocytomas such changes are not observed and proof 
for a causal relationship between catecholamines and altered thyroid function 
in man is still lacking. 

Several cytokines have been shown to alter thyroid hormone se
cretion and metabolism. Administration of interferons, interleukins (IL) and 
granulocyte-macrophage colony-stimulating factor has been associated with a 
high frequency of transient hypo- and hyperthyroidism during treatment 
(BURMAN et al. 1986; HOEKMAN et al. 1991; REICHLIN 1993). Although these 
cytokines may elicit either the appearance of or an increase in thyroid autoan
tibody titres, these changes are not always associated with thyroid dysfunction, 
which may conversely also occur in the absence of antibodies, possibly through 
direct effects on the thyroid gland as discussed below. It is nevertheless advis
able that patients scheduled to receive cytokine treatments should be screened 
for thyroid antibodies since positive patients may be at higher risk of develop
ing thyroid dysfunction. 

Interferons, IL-1 and tumour necrosis factor-a are known to inhibit iodine 
organification and hormone release, as well as to modulate thyroglobulin 
production and thyrocyte growth (SATO et al. 1990; MOORADIAN et al. 1990; 
CHOPRA et al. 1991; YAMAZAKI et al. 1993). In contrast to interferon-a and 
interleukin-2, interferon-y has been shown to increase the expression of the 
major histocompatibility complex class II molecules on the cell surface, which 
is thought to be a crucial event in the perpetuation of autoimmune diseases 
(KRAIEM et al. 1990; KASUGA et al. 1991). IL-2 is used experimentally in the 
immunotherapy of cancer, which results in transient thyroid dysfunction in 
15%-40% of the patients. Hypo- and hyperthyroidism have been observed, 
but the occurrence of transient hyperthyroidism followed by a hypothyroid 
phase, compatible with silent thyroiditis, has also frequently been reported 
(SCHWARTZENTRUBER et al. 1991; VASSILOPOULOU-SELLIN et al. 1992; VIALETTES 
et al. 1993). Thyroid function sometimes normalises during, but always after, 
stopping the cytokine treatment. 
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c. Effects of Drugs on Thyroid Hormone Metabolism 
I. Deiodination 
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Over 80% of thyroidal hormone secretion consists of thyroxine (T4), an inac
tive prohormone that requires activation by peripheral deiodination as illus
trated in Fig. 1 and detailed in Chap. 4, this volume. The type, distribution and 
sensitivity to pharmacological agents of the three deiodinase systems are 
illustrated in Fig. 3. The type 1 5'-deiodinase is mainly present in liver and 
kidney and is primarily responsible for the conversion of L-T4 into the active 
hormone L-triiodothyronine (L-T3); 5'-deiodinase type 2 is more restricted in 
its expression (pituitary, brain) and is also capable of converting T4 into T3. 
However, this enzyme is quantitatively much less important than the type 1 
enzyme and is thought to be particularly important in raising the local concen
trations of T3. Finally, the type 3 deiodinase removes the inner-ring iodine 

Deiodinase 

50-type 1 

50-type 2 

50-type 3 

Inhibitors 

propylthiouracil 
iopanoic acid 
amiodarone 
dexamethasone 
beta-blockers 

iopanoic acid 
amiodarone 

iopanoic acid 
amiodarone 
dexamethasone? 
beta-blockers? 

Fig. 3. Localisation of the three monodeiodinases and their specific and unspecific 
inhibitors 
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atoms and is hence not involved in the production of T3• However, similar to 
the type 1 and 2 deiodinases, the type 3 enzyme is important for thyroid 
hormone inactivation and the recycling of iodine. All three enzymes were 
recently cloned and form the family of selenocysteine-containing deiodinases 
(BERRY et al. 1991; MANDEL et al. 1992; SALVATORE et al. 1995; DAVEY et al. 
1995). 

So far, there are few drugs increasing outer- or inner-ring monodeio
dination although growth hormone (GH) is a possible candidate. Inhibitors of 
monodeiodination can be separated into iodinated and non-iodinated ones 
and, also, into specific inhibitors and non-specific inhibitors affecting all three 
enzymes. The specific inhibitors for deiodinase type I activity are PTU and 
reverse T3; for deiodinase type II activity inhibitors are T4, reverse T3 and 3',5'
diiodothyronine (VISSER et al. 1983). 

The inhibition of T4 to T3 conversion by PTU is well established. With 
relatively high doses of PTU (600mg/day) one observes a fall by one-third of 
the serum T3levels, an effect which can be clinically beneficial (NOGIMORI et al. 
1986; LOPRESTI et al. 1989). A complete inhibition of T3 production cannot be 
obtained in humans, and it has been suggested that this is because circulating 
T3 is not only due to monodeiodinase type 1 activity and thyroidal secretion 
but also to monodeiodinase type 2 activity. 

It is not certain whether the effect of dexamethasone is specific or if other 
glucocortcoids are also able to inhibit monodeiodination. Eight to 12mg 
dexamethasone/day decreases serum T3, but, in contrast to PTU and the 
iodinated inhibitors, it increases reverse T3 production (LOPRESTI et al. 1989). 
In rats it also has profound effects on the tissue distribution of T3 (CAVALIERI 
et al. 1984). The hormonal changes seen under this treatment are therefore 
multifactorial with a predominant action on T4 to T3 conversion. 

All f3-adrenoceptor antagonists alleviate the symptoms of the sympathetic 
nervous system over activity in hyperthyroidism, even though there are differ
ences in drug sensitivity. However, propranolol induces a gradual fall of serum 
T3 levels with a concomitant increase in serum reverse T3 levels, and kinetic 
studies have proven that it interferes in vivo with T4 to T3 conversion, and that 
the increase in reverse T3 is due its decreased metabolism (FABER et al. 1979). 
The effect of propranolol can be reproduced in vitro and it is likely to act at the 
cell membrane level (SHULKIN et al. 1984). This is based on the observation 
that the D-form, which is devoid of f3-adrenoceptor antagonistic activity but is 
a plasma membrane stabiliser, is also an inhibitor of monodeiodination. In 
clinical medicine, the effects on monodeiodination are negligible, the benefi
cial effects being due to its primary action as a f3-blocker. 

There are still other substances interfering in monodeiodination. A chemi
cal used in plastics such as the antioxidant TK 12627 (Irganox) has been shown 
to be a weak inhibitor of monodeiodination in rats, and an experimental 
lipid-lowering agent [dimethyl a-( dimethoxyphosphinyl) p-chlorobenzyl 
phosphate, SR-202] has been shown in humans to produce the changes in 
serum hormone levels seen with inhibitors of monodeiodination, e.g. a de-
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crease in serum total and free T3, an increase in serum total and free T4 and an 
increase in serum reverse T3 without major changes in serum TSH levels 
(SHULKIN et al. 1984; LIANG et al. 1993). 

Among iodinated drugs, the most important clinical inhibitor of 
monodeiodination is amiodarone, which is discussed in depth in Chap. 11. The 
other two iodinated compounds are iopanoate and ipodate (Ron et al. 1988; 
BURGI et al. 1976). Both are excellent inhibitors of T4 to T3 conversion and are 
the only ones to be markedly effective in humans; however, they inhibit all 
three deiodinases to different extents, but there is no biochemical proof that 
they are specific inhibitors of monodeiodination. For iopanoic acid, affinity 
labelling of monodeiodinase type 1 and type 2 with N-bromoacetyl-L
thyroxine has shown that the drug is unable to block the active site of the 
enzyme and thus it cannot be considered a specific inhibitor of these two 
enzymes. Nevertheless, both are potent inhibitors of T4 to T3 conversion and 
are used for such purposes in clinical medicine (Ron et al. 1988). 

II. Microsomal Oxidation 

The potent cytochromes 450 are a group of enzymes responsible for most 
hepatic drug oxidation (BROSEN 1990; ZIEGLER 1993). They are also called 
mixed function oxygenases. The system is tightly linked to conjugating 
enzymes of the oxidised intermediary metabolites. For thyroid hormones, 
the uri dine diphosphate-glucuronyltransferases are responsible for glucuro
nidation and the phenylsulphotransferases for sulphatation. Both processes 
increase the solubility of the metabolites and their biliary excretion. The 
sulphated metabolites, particularly T3 sulphate, are ideal substrates for 
deiodination, distinguishing this pathway from glucuroconjugation (VISSER 
1990; VISSER et al. 1990). 

The inducibility of the mixed function oxygenases varies from species to 
species. The rat is particularly sensitive to such drugs, while hepatic drug 
metabolism in primates is more resistant. Therefore, many reported effects of 
drugs on thyroid hormone metabolism are not, or only barely, seen in humans 
(KAISER et al. 1988; CURRAN and DE GROOT 1991). This is the case for the 
barbiturates. In the rat, phenobarbital (and to a lesser extent pentobarbital) 
has been shown to increase the hepatic metabolism of thyroid hormones, and 
the fraction of total thyroid hormone metabolism being excreted as biliary 
conjugates increases considerably. In normal rats this increased metabolism is 
compensated for by increased secretion of T4. However, in man, early studies 
did not show any significant changes in thyroid hormone levels and more 
recent studies with sensitive TSH measurements are not available. Stronger 
inducers of mixed-function oxygenases have been studied in the rat. 
Nafenopin, for instance, markedly increases the biliary excretion of conju
gated T4 but, interestingly, it did not increase the clearance of T3. This can be 
explained by the preferential sulphatation of T3, which is not affected by 
inducers of mixed function oxygenases. 
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Antiepileptic drugs such as phenytoin and carbamazepine, both inducers 
of the mixed function oxygenases, are a definite source of alterations of thy
roid hormone levels in man (ROOTWELT et al. 1978; SMITH and SURKS 1984; 
SCHRODER VAN DER ELST et al. 1996). Phenytoin-treated and, to a lesser extent, 
carbamazepine-treated subjects show a decrease in serum total and free T4 and 
total T3. The results on free T3 levels are more sparse and are less clear. 
Knowing the difficulties in obtaining accurate measurements of free hormone 
levels, the mostly unchanged serum TSH levels are probably more indicative 
of a normal thyroid function in such patients. However, one is entitled to 
postulate that this occurs only at the expense of a slight increase in hormone 
secretion. A word of caution for phenytoin should be added since this drug 
also interferes in the binding of T4 to thyroxine-binding globulin (TBG) and is 
possibly a weak thyroid hormone agonist. 

Another well-known and potent inducer of mixed function oxygenases has 
been studied in man, the antituberculosis drug rifampicin (FINKE et al. 1987; 
CHRISTENSEN et al. 1989; OHNHAUS and STUDER 1980). Contrary to phenytoin 
it does not interfere in T4 binding to TBG and its effects can therefore be 
considered purely the consequence of enzyme induction. The effects in normal 
man are significant, but not major, since serum thyroid hormone levels remain 
generally within the normal range. The findings are a lowering of total and free 
T4 and reverse T3 while serum T31evels tend to increase. The metabolism of T4 
is clearly increased but monodeiodination remains unchanged. 

In conclusion, the effects of certain drugs on mixed function oxygenases 
are clear and important in rats, where there is substantial loss of T4 by 
glucurono-conjugation. There may be some hepatobiliary recycling in rats but 
there is no evidence for an enterohepatic circulation of thyroid hormones in 
man. In primates the effects of these drugs are less marked; they are best seen 
with phenytoin, although the action of this drug is more complex than that of 
a pure inducer of mixed function oxygenases. Part of its action is still not well 
understood. 

Hypothyroid patients treated with an inducer of hepatic mixed function 
oxygenases should be carefully monitored and possibly such substitution 
therapy should be increased (SURKS 1985). With rare exceptions, only minor 
adjustments are necessary. Contrary to glucuronidation, sulphatation is an 
integral part of monodeiodination of tri- and diiodothyronines, the sulphated 
compounds being better substrates for monodeiodination than the intact me
tabolites. However, in terms of thyroid hormone action, it is important to 
realise that sulphation is not an intermediary step for the conversion ofT4 to T3. 

D. Drug Effects on Cellular and Intestinal Uptake of 
Thyroid Hormone 
Inhibition of thyroid hormone uptake by drugs may occur at the intestinal 
level, thereby leading to decreased serum hormone levels in T4-replaced 
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patients, or in other target tissues, potentially resulting in cellular 
hypothyroidism despite normal serum levels (see also Chap. 13, this volume). 
However, the physiological relevance of cellular thyroid hormone transport 
systems is still controversial (KRENNING and DOCTER 1986; PONTECORVI and 
ROBBINS 1989; DEJONG et al. 1993). 

I. Cellular Uptake 

Amiodarone is the best-characterised drug inhibiting cellular thyroid hor
mone uptake. A selective decrease in hepatic T4 transport was demonstrated 
in hepatocytes and perfused rat liver, and impaired T3 uptake was observed in 
an anterior pituitary cell line (NORMAN and LAVIN 1989; DE lONG et al. 1994). 
Benzodiazepines were also shown to inhibit cellular L-T3 uptake, possibly due 
to their conformational similarity with this hormone, allowing an interaction 
with the hepatic iodothyronine membrane transporter at sites similar to those 
for the endogenous ligand (KRAGIE et al. 1994). Interestingly, hepatic and 
muscle L-T3 uptake seems to be a calcium-dependent process, as has been 
inferred from the profound inhibition of hormone uptake by various calcium 
channel blockers, such as nifedipine, verapamil and diltiazem (TOPLISS et al. 
1993). Finally, frusemide and some non-steroidal anti-inflammatory drugs 
compete for cytosolic T3-binding sites in cultured cells (BARLOW et al. 1994). 
However, whether the in vitro observations for these various drugs are quan
titatively relevant in vivo remains to be demonstrated. 

II. Intestinal Absorption 

Several drugs are known to markedly reduce the absorption ofT4 from the gut, 
such as colestipol, cholestyramine, sucralfate, ferrous sulphate, aluminum hy
droxide, phenytoin, propranolol and activated charcoal (NORTHCUTT et al. 
1969; FABER et al. 1985; LUMHOLTZ et al. 1978). While normally 80% of a 1000-
flg dose of thyroxine is absorbed within 6h, this value drops to 23% when 
sucralfate is taken simultaneously, resulting in lower T4 and higher TSH serum 
levels (SHERMAN et al. 1994). This problem can be circumvented by separating 
the intake of the two drugs by several hours. The malabsorption of T4 in the 
presence of sucralfate may be due to either the formation of an insoluble 
complex or an inhibition of hormone transport by intestinal cells. 
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CHAPTER 12 

Effects of Environmental Agents on Thyroid 
Function 
E. GAITAN 

A. Introduction 
A large number of agents in the environment, both naturally occurring and 
man-made, are known to interfere with thyroid gland morphology and func
tion, posing the danger of thyroid disease (Table 1). Thyroid enlargement or 
goitre is the most prominent effect of these agents. They may cause the 
goitrous condition by acting directly on the thyroid gland (Fig. 1), but also 
indirectly by altering the regulatory mechanisms of the thyroid gland and the 
peripheral metabolism and excretion of thyroid hormones (GAITAN 1988, 
1989a, 1990). 

Figure 1 illustrates the three main steps in thyroid gland function, showing 
the environmental agents that act directly on the gland by interfering with the 
process of hormone synthesis. However, the mechanism that induces the 
trophic changes leading to goitre formation is not well understood, because 
besides thyroid-stimulating hormone (TSH), other humoral, paracrine, and 
autocrine growth factors appear to be involved in the process (WENZEL and 
BOTIAZZO 1987; DUMONT et al. 1991, 1992). 

These agents may enter into the food, water, and air exposure pathways, 
becoming important environmental antithyroid and/or goitrogenic factors 
in man (GAITAN 1988, 1989a, 1990). Their effects may be additive to those 
of iodine deficiency, making the intensity of the manifestations of goitre, 
hypothyroidism, and iodine deficiency disorders (cretinism, congenital 
hypothyroidism, and various degrees of impairment of growth and mental 
development) more severe. In iodine-sufficient areas, these compounds may 
be responsible for the development of some "sporadic" goitres or the persis
tence of the goitre endemia with its associated disorders, namely, autoimmune 
thyroiditis, hypothyroidism, hyperthyroidism, and, probably, thyroid carci
noma (GAITAN et al. 1991; GAITAN and DUNN 1992; MORENO-REYES et al. 
1993). 



Table 1. Environmental agents producing goitrogenic and/or antithyroid effects 

Compounds Goitrogenic/antithyroid effects 

In vivo In vitro 

Human Animals 

Sulfurated organics 
Thiocyanate (SCNT + + + 
Isothiocyanates NT + + 
L-5-Vinyl-2-thio-oxazolidone (goitrin) + + + 
Disulfides (R-S-S-R) NT + 0, + (?)b 

Flavonoids (polyphenols) 
Glycosides NT + + 
Aglycones NT + + 
C-Ring fission metabolites NT + + 

(i.e., phloroglucinol, phenolic acids) 
Polyhydroxyphenols and phenol derivatives 

Phenol NT NT + 
Catechol (1,2-dihydroxybenzene) NT NT + 
Resorcinol (1,3-dihydroxybenzene)" + + + 
H ydroquinone (1 ,4-dihydroxybenzene) NT NT + 
m-Dihydroxyacetophenones NT NT + 
2-Methylresorcinol NT + + 
5-Methylresorcinol (orcinol) NT + + 
4-Methylcatechol NT NT + 
Pyrogallol (1,2,3-trihydroxybenzene) NT + + 
Phloroglucinol (1,3,5-trihydroxybenzene) NT + + 
4-Chlororesorcinol NT + + 
3-Chloro-4-hydroxybenzoic acid NT NT + 
2,4-Dinitrophenol + + 0 

Pyridines 
3-H ydroxypyridine NT NT + 
Dihydroxypyridines NT + + 

Phthalate esters and metabolites 
Diisobutyl phthalate NT NT 0 
Dioctyl phthalate NT + 0 
a-Phthalic acid NT NT 0 
m-Phthalic acid NT NT 0 
3,4-Dihydroxybenzoic acid (DHBA) NT NT + 
3,5-Dihydroxybenzoic acid 

Polychlorinated (PCB) and polybrominated 
NT NT + 

(PBB) biphenyls 
PCBs (Aroclor) NT + NT 
PBBs and PBB oxides + + NT 

Other organochlorines 
Dichlorodiphenyltrichloroethane (p ,p' -DDT) NT + NT 
Dichlorodiphenyldichloroethane (p,p' -D DE) NT + NT 

and dieldrin 
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) NT + NT 

Polycyclic aromatic hydrocarbons (P AH) 
3,4-Benzpyrene (BaP) NT + (?) NT 
3-Methylcholanthrene (MCA) NT + NT 
7,12-Dimethylbenzanthracene (DMBA) NT + NT 
9-Methylanthracene (MA) NT + 0 

Inorganics 
Excess iodine" + + + 
Lithiuma + + + 

+, active; 0, inactive; NT, nontested. 
a Agents also used as medications. 
bInactive in TPO assay; active (?) in thyroid slices assay. 
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Fig. 1. Environmental antithyroid/goitrogenic compounds and their site of action in 
the thyroid gland. Goitrin, L,5-vinyl-2-thiooxazolidone; DHBAs, dihydroxybenzoic ac
ids; I , iodide; MIT, monoiodotyrosine; DIT, diiodotyrosine; T4, thyroxine; T3 , triiodot
hyronine. (Reproduced with permission, from GAITAN 1990, copyright 1990 Annual 
Reviews Inc.) 

B. Chemical Categories, Sources, Pharmacokinetics, 
and Mechanism of Action 
I. Sulphurated Organics 

1. Thiocyanate, Isothiocyanates, and Thio-oxazolidone (Goitrin) 

Thiocyanates and isothiocyanates have been demonstrated as goitrogenic 
principles in plants of the Cruciferae family. The potent antithyroid compound 
L-5-vinyl-2-thio-oxazolidone or "goitrin" was isolated from yellow turnips and 
from brassica seeds. Cyanogenic glycosides (thiocyanate precursors) have also 
been found in several staple foods (cassava, maize, bamboo shoots, sweet 
potatoes, lima beans) from the Third World. After ingestion these glycosides 
can be readily converted to thiocyanate by widespread glycosidases and the 
sulphur transferase enzyme. Isothiocyanates not only use the thiocyanate 
metabolic pathway but react with amino groups, forming derivatives with 
thiourea-like antithyroid effects. Thus, the actual concentration of thiocyan
ates or isothiocyanates in a given foodstuff may not represent its true goitro
genic potential, nor does the absence of these compounds negate a possible 
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antithyroid effect, because inactive precursors can be converted into goitro
genic agents both in the plant itself and in the animal after its ingestion. 
Thioglycosides undergo a rearrangement to form isothiocyanate derivatives 
and, in some instances, thiocyanate. Therefore, the amount of thiocyanate in 
the urine is a good indicator of the presence of thioglycosides in food. Inges
tion of progoitrin, a naturally occurring thioglycoside, elicits antithyroid ac
tivity in rats and humans because of its partial conversion by intestinal 
microorganisms into the more potent antithyroid compound "goitrin". This 
ability of plants and animals readily to convert inactive precursors into goitro
genic agents must be considered when the possible aetiological role of dietary 
elements in endemic goitre is being investigated (GAITAN 1988, 1990; DELANGE 
1989; ERMANS and BOURDOUX 1989). 

Several goitre endemias have been attributed to the presence of these 
sulphurated organic compounds in foodstuffs (ERMANS et al. 1980; DELANGE 
and AHLUWALIA 1983; GAITAN 1988, 1990; DELANGE 1989; ERMANS and 
BOURDOUX 1989; GAITAN and DUNN 1992). The best documented is that in 
some areas of Zaire, where as much as 60% of the population is affected by 
goitre. Cassava, a staple food in these areas, has definite antithyroid effects in 
humans and experimental animals. Thus, daily consumption of cassava, in the 
presence of severe iodine deficiency, is thought to be the cause of endemic 
goitre and cretinism in these areas of Zaire. The goitrogenic action of cassava 
is due to endogenous release of thiocyanate from linamarin, a cyanogenic 
glucoside present in cassava, particularly in the tuberous roots. Thiocyanate is 
also present in pearl millet (Pennisetum leeke [L.], also known as typhoides or 
americanum) , the staple food of people living in iodine-deficient endemic 
goitre areas of western Sudan. Pearl millet is rich in C-glycosylflavones, which, 
in combination with thiocyanate, exert additive and complementary 
antithyroid and goitrogenic effects, discussed further below (GAITAN et al. 
1989, 1995). 

Thiocyanate is also found in high concentrations (1 gil) in wastewater 
effluents of coal conversion processes, and in body fluids as a metabolite of 
hydrogen cyanide gas consumed while smoking (GAITAN 1988). Studies in 
Sweden indicate that cigarette smoking may produce goitre. Similarly, goitre 
and hypothyroidism were documented in patients receiving long-term thiocy
anate treatment for hypertension. This goitrogenic effect of thiocyanate is 
more evident in the presence of iodine deficiency. Several observations sug
gest that thiocyanate crosses the human placenta and may cause both goitre 
and neonatal hypothyroidism (ROT! et al. 1983; W ALFISH 1983; CHANOINE et al. 
1991). The thiocyanate ion involves a linear SCN group in which the double 
bond character of the S-C reflects the existence of two tautomeric structures, 
-S-C=N and S=C=N-. Thiocyanate, like nitrate and cyanide ions, is ambident 
since the negative charge can be located either on S or N. This tautomerism 
explains the existence of two series of covalent derivatives, the thiocyanates 
and isothiocyanates (ERMANS and BOURDOUX 1989). 
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a) Thiocyanate 

Thiocyanate or thiocyanate-like compounds primarily inhibit the iodine
concentrating mechanism of the thyroid, and their goitrogenic activity can be 
overcome by iodine administration (Fig. 1). Thiocyanate at low concentrations 
inhibits iodide transport by increasing the velocity constant of iodide efflux 
from the thyroid gland. At high concentrations, the iodide efflux is greatly 
accelerated while the unidirectional iodide clearance into the gland is inhib
ited. Thiocyanate at these high concentrations also inhibits the incorporation 
of iodide into thyroglobulin by competing with iodide at the thyroid per
oxidase (TPO) level, thereby preventing iodide oxidation and thyroid hor
mone synthesis (ERMANS and BOURDOUX 1989). Thiocyanate is rapidly 
converted to sulphate in the thyroid gland. Administration of TSH increases 
the intrathyroidal catabolism of thiocyanate and is capable of reversing the 
block of iodide uptake produced by this ion. TSH probably accelerates the 
oxidation of thiocyanate to sulphate. 

b) Isothiocyanates 

The isothiocyanates and cyanogenic glycosides act on the thyroid mainly by 
their rapid conversion to thiocyanate. However, isothiocyanates, as previously 
mentioned, not only use the thiocyanate metabolic pathway but also react 
spontaneously with amino groups to form thiourea derivatives, which produce 
a thiourea-like antithyroid effect. Isothiocyanates also possess intrinsic 
antithyroid activity as demonstrated by in vitro inhibition of iodide uptake in 
the case of methyl- and allyl-isothiocyanates and of both iodide uptake and 
organification in the case of butyl-isothiocyanate (GAITAN et al. 1983; ERMANS 
and BOURDOUX 1989). 

c) Thio-oxazolidone (Goitrin) 

The thionamide or thiourea-like goitrogens interfere in the thyroid gland with 
the organification of iodide and formation of the active thyroid hormones, and 
their action usually cannot be antagonized by iodine. Naturally occurring 
goitrin is representative of this category (Fig. 1). Long-term administration of 
goitrin to rats results in increased thyroid weight and decreased radioactive 
iodide uptake and hormone synthesis by the thyroid gland (ERMANS and 
BOURDOUX 1989). The thionamide-like antithyroid effects of goitrin have been 
confirmed in vitro both by marked inhibition of TPO (GAITAN et al. 1986) and 
iodide organification (GAITAN et al. 1983). Actually, goitrin possesses 133% of 
the potency of propylthiouracil in man. Goitrin is unique in that it is not 
degraded like thioglycosides. Additive anti thyroidal effects of thiocyanate, 
isothiocyanate, and goitrin also occur with combinations of these naturally 
occurring goitrogens (ERMANS and BOURDOUX 1989). 
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2. Disulpbides 

The small aliphatic disulphides (R-S-S-R; R methyl- ethyl-, n-propyl-, 
phenyl-), the major components of onion and garlic, exert marked thiourea
like antithyroid activity in the rat (GAITAN 1988, 1990; ERMANS and BOURDOUX 
1989). n-Propyl disulphide also suppresses the radioactive iodine uptake by 
the thyroid in rats on a low-iodine diet. None of these disulphides inhibits in 
vitro the TPO enzyme (LINDSAY et al. 1992), but fractions with sulphur
bearing organic compounds, possibly aliphatic disulphides from the goitro
genic well supplying a Colombian district with endemic goitre, inhibited 
in vitro 125I-organification using thyroid slices (GAITAN et al. 1969; GAITAN 
1973). 

Disulphides are also present in high concentration (0.3-0.5 gil) in aqueous 
effluents from coal-conversion processes and they have also been identified as 
water contaminants in the United States (GAITAN 1988, 1990; ERMANS and 
BOURDOUX 1989; LINDSAY et al. 1992). The most frequently isolated com
pounds in the United States are dimethyl, diethyl, and diphenyl disulphides. 

ll. Flavonoids 

Flavonoids are important stable organic constituents of a wide variety of 
plants. Flavonoids are universally present in vascular plants and in a large 
number of food plants. Because of their widespread occurrence in edible 
plants such as fruits, vegetables, and grains, flavonoids are an integral part of 
the human diet (HULSE 1980; CODY et al. 1986, 1988; GAITAN 1989a). They are 
present in high concentrations in polymeric (tannins) and oligomeric (pig
ments) forms in various staple foods of the Third World, such as millet, 
sorghum, beans, and groundnuts. 

Flavonoids are polyhydroxyphenolic compounds with a C6-C3-C6 structure 
(CODY et al. 1986; CODY 1989; LINDSAY et al. 1989). Mammalian organisms are 
unable to synthesize the flavone nucleus. Flavonoids are strictly exogenous 
food components of exclusively vegetable origin. They have high chemical 
reactivity with multiple important biological implications (CODY et al. 1986, 
1988). Flavonoids are quickly metabolized in higher organisms and that is the 
reason why they are not found in normal tissue constituents (LINDSAY et al. 
1989). Most flavonoids are present as f3-glucosides which cannot be absorbed 
in tissues. No mammalian enzymes have been found which deglycosylate these 
compounds to their bioactive aglycone species. 

Following ingestion by mammals, flavonoid glycosides are hydrolysed by 
intestinal microbial glycosidases to flavonoid aglycones. These may be ab
sorbed and undergo metabolism by mammalian tissues or be further metabo
lized by intestinal microorganisms to undergo B-ring hydroxylation and 
middle ring fission, with production of various metabolic monomeric com
pounds, including phenolic acids, phloroglucinol, resorcinol, and gallic acid 
(LINDSAY et al. 1989). Each metabolic step is characterized by a marked 
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increase in antithyroid effects (LINDSAY et ai. 1989). Flavonoid aglycones, such 
as apigenin and lute olin present in Fonio millet (Digitaria exilis) (SARTELET et 
aI., in press), and a variety of flavonoid metabolites (phloroglucinol, resorci
nol, phenolic acids) are several times more potent than the parent glycosides 
glucosylvitexin, glucosylorientin and vitexin present in pearl millet (HULSE 
1980; GAITAN et al. 1989), as inhibitors of TPO. 

This greater inhibitory effect is further enhanced by the additive effects 
exerted by mixtures of flavonoid aglycones and flavonoid metabolites which 
are formed after ingestion of mixtures of flavonoid glycosides present in many 
plant foodstuffs. In addition, these metabolic products may produce adverse 
effects on other parameters of thyroid function not observed with the glyco
sides. As a result, the antithyroid effects of flavonoid glycosides in foodstuffs 
may be greatly enhanced by metabolic alterations after ingestion by mammals, 
as in the case of the flavonoids present in the pearl millet grain. Furthermore, 
antithyroid effects in vivo of vitexin, one of the three major flavonoids in this 
type of millet, have recently been demonstrated (GAITAN et ai. 1995), provid
ing direct experimental evidence that C-glycosylflavones are the goitrogens in 
this cereal grain and that flavonoids are an obligatory step and integral part of 
the biogeochemical cycle of phenolic goitrogens in nature (GAITAN 1990). It is 
of interest that a significant portion of the flavonoids isolated by SARTELET et 
ai. (1996) from Fonio millet, the staple food of people living in the severely 
affected endemic goitre area of Guinea in west Africa, are already present as 
the aglycones apigenin and luteolin, with more potent antithyroid activity than 
their parent glycosides, as demonstrated also in their experiments using a 
porcine thyroid-cell bioassay system. 

Flavonoids not only inhibit TPO but, acting on iodothyronine deiodinase 
enzymes, also inhibit the peripheral metabolism of thyroid hormones. Fla
vonoids in addition affect serum thyroid hormone binding and TSH regula
tion. Furthermore, polymers of the flavonoid phloretin interact with TSH, 
preventing its action at the thyroid cell (CODY et ai. 1986, 1988, 1989; GAITAN 
1989a). The flavonoid quercetin, an inhibitor of heat shock protein (HSP-70) 
mRNA, has also been shown to increase iodide uptake in rat FRTL-5 thyroid 
cells and the quercetin glycoside, rutin, to produce a similar effect in porcine 
thyroid slices (LINDSAY et al. 1989; ISOSAKI et ai. 1993). The isoflavone 
genistein, a specific tyrosine kinase inhibitor, blocks the epidermal growth 
factor desensitization of TSH adenylate cyclase "cross-talk" in thyroid cells 
(TEZELMAN et al. 1993). Finally, SARTELET et al. (1996) found that the flavonoid 
luteolin depresses the cyclic AMP phosphodiesterase, implying a concomitant 
overproduction of the TSH-dependent nucleotide. Thus, these experimental 
observations indicate that this class of compounds alter thyroid hormone 
economy in a complex manner. 

At this point, there is substantial epidemiological and experimental evi
dence indicating, first, that various millet species used as staple food by popu
lations in the semiarid tropics are rich in flavonoids. Second, that flavonoids 
have potent and diverse antithyroid properties and, third, that under the 
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appropriate environmental-dietary conditions of low iodine and protein
calorie intakes, which are prevalent in most countries of the Third World, 
flavonoids become an important aetiological determinant of endemic goitre 
and hypothyroidism (OSMAN and FATAH 1981; ELTOM et al. 1985; GAITAN 
1989a; GAITAN et al. 1989; GAITAN and DUNN 1992; MORENO-REYES et al. 1993; 
KONDE et al. 1994). 

III. Polyhydroxyphenols and Phenol Derivatives 

Coal is a source of a large variety of antithyroid and goitrogenic compounds, 
such as phenol, dihydroxyphenols (resorcinol), substituted dihydroxy
benzenes, thiocyanate, disulphides, phthalic acids, pyridines, and halogenated 
and polycyclic aromatic hydrocarbons (PAHs) (PITT et al. 1979; KUBANOF et 
al. 1983; MOSKOWITZ et al. 1985; GAITAN 1986, 1988, 1989a, 1990) (Table 1). 
Most of these compounds have been identified in drinking water from the 
iodine-sufficient goitrous areas of Kentucky in the United States and Colom
bia (GAITAN 1986, 1989a). Phenolics are the major organic pollutants in waste
water effluents from various types of coal treatment processes. Resorcinol, 
substituted resorcinols, and other antithyroid phenolic pollutants are present 
at levels of as much as 5 gIl in coal-derived effluents. Up to 8% of shale 
bitumen is also composed of phenols. 

Phenol, dihydroxyphenols, trihydroxyphenols, and halogenated phenols 
are readily absorbed from the gastrointestinal tract and phenol, resorcinol, 
and catechol, in suitable preparations, are readily absorbed through human 
skin. Essentially all phenols, polyhydroxyphenols, and halogenated phenols 
are readily absorbed after injection (LINDSAY and GAITAN 1989). A major 
route of metabolism of polyhydroxyphenols, polydroxyphenolic acids, and 
halogenated phenols is by conjugation to glucuronic or sulphuric acids. The 
pattern of conjugation varies with animal species. Although the polyhy
droxyphenols and their derivatives, including halogenated dihydroxyphenols, 
possess more than one hydroxyl group capable of undergoing conjugation, 
only one group is conjugated. The major route of excretion of these com
pounds is the urinary tract and various amounts of the free parent compound 
and its monoglucuronide and monosulphate conjugates are excreted in the 
urine (LINDSAY and GAITAN 1989). 

Resorcinol, the prototype of this group of compounds, is antithyroid and 
goitrogenic both in man and experimental animals (GAITAN 1988, 1989a, 1990). 
In the early 1950s the goitrogenic effect of resorcinol was demonstrated when 
patients applying resorcinol ointments for the treatment of varicose ulcers 
developed goitre and hypothyroidism. Several observations also suggest that 
resorcinol crosses the human placenta and may cause both goitre and neonatal 
hypothyroidism (WALFISH 1983). Resorcinol has been shown both in vivo and 
in vitro to inhibit thyroidal organification of iodide (GAITAN 1989a). A com
parison of the antiperoxidase activity of resorcinol (1,3-dihydroxybenzene), 
catechol (1,2-dihydroxybenzene), and hydroquinone (l,4-dihydroxybenzene) 
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(Table 1) indicates the importance of hydroxyl groups in the meta position for 
maximal activity (LINDSAY et al. 1992). 

Furthermore, the net anti-TPO effects of mixtures of dihydroxyphenols, 
as well as dihydroxyphenols and thiocyanate, also a coal derived pollutant, 
are equivalent to or greater than the sum of the effects produced by 
individual compounds, indicating that the true goitrogenic potential of the 
major water-soluble compounds present in coal and shales is due to the 
combined effects of the individual consitutents rather than to any single com
pound (LINDSAY et al. 1992). Recent demonstration in vivo and in vitro of 
antithyroid and goitrogenic activities of coal-water extracts from iodine
sufficient goitre areas (GAITAN et al. 1993) indicate that shale- and coal
derived organic pollutants appear to be a major factor contributing to the high 
goitre prevalence and associated disorders observed in certain areas with 
aquifers and watersheds rich in these organic rocks (GAITAN 1986, 1988, 1989a, 
1990). 

Studies of the physical state of organic goitrogens in water indicate that 
the active compounds form dissociable complexes and that they are part of 
larger organic molecules, possibly humic substances (HS) (COOKSEY et al. 
1985; GAITAN 1988, 1989a, 1990). Furthermore, resorcinol and other parent 
antithyroid phenolic and phenolic-carboxylic compounds are degradation 
monomeric by-products of reduction, oxidation, and microbial degradation of 
HS. HS are high molecular weight complex polymeric compounds and are the 
principal organic components of soils and waters. More than 90% of total 
organic matter in water consists of HS, which are also present in coals and 
shales. Decaying organic matter becomes the substrate of lignin and flavonoid 
types of HS during the process of fossilization (or coalification). Actually, 
cyanidin, a naturally occurring flavonol used as the model subunit of fla
vonoid-type HS, yields by reductive degradation the following antithyroid 
compounds: resorcinol, phloroglucinol, orcinol, and 3,4-dihydroxybenzoic 
acid (DHBA) (GAITAN 1988) (Table 1). Demonstration in vivo and in vitro of 
antithyroid effects ofvitexin (GAITAN et al. 1995), a major C-glucosylflavone in 
pearl millet, provided direct evidence that flavonoid structures are the link for 
phenolic goitrogens in foodstuffs (e.g., millet) and those present in coals, 
shales, soils, and water, all of which are an obligatory step and integral part of 
the biogeochemical cycle of organic-phenolic goitrogens in nature (LINDSAY 
and GAITAN 1989; GAITAN 1990). 

Cigarette smoke, besides thiocyanate, contains a variety of goitrogenic 
resorcinol derivatives, flavonoids, and hydroxypyridines (GAITAN 1988). 

The presence of halogenated organic compounds with known or potential 
harmful effects has awakened public health and environmental concerns. 
These compounds are produced by the chlorination of water supplies, sewage, 
and power plant cooling waters. Present at milligram per liter concentrations 
(parts per billion) in treated domestic sewage and cooling waters, 4-
chlororesorcinol and 3-chloro-4-hydroxybenzoic acid possess antithyroid ac
tivities, as inhibitors ofTPO and thyroidal iodide organification (GAITAN 1988; 
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LINDSAY and GAITAN 1989). Whether these pollutants exert additive or syner
gistic antithyroid effects, and/or act as "triggers" of autoimmune thyroiditis, 
requires investigation, particularly because more than 60 soluble chloro-or
ganics have been identified in the primary and secondary effluents of typical 
domestic sewage treatment plants. 

Derivatives of 2,4-dinitrophenol (DNP) are widely used in agriculture and 
industry. An insecticide, herbicide, and fungicide, DNP is also used in the 
manufacture of dyes, to preserve timber, and as an indicator; it is also a by
product of ozonization of parathion. DNP is readily absorbed through intact 
skin and respiratory tract. DNP causes toxicity by the uncoupling of oxidative 
phosphorylation in the mitochondria of cells throughout the body. Adminis
tration of 2,4-DNP to human volunteers resulted in rapid and pronounced 
decline of circulating thyroid hormones. A decrease in TSH secretion results 
in decreased synthesis and release of thyroxine (T4) and triodothyronine (T3), 
and possibly involution ofthe thyroid gland. The antithyroid effect of2,4-DNP 
is due in part to an inhibition of pituitary TSH secretion. Once T4 and T3 are 
released into the circulation, they are instantaneously bound to serum carrier 
proteins. DNP also interferes with T4 binding, further decreasing serum T4 
concentration. In addition to inhibiting TSH and interfering with T4 binding, 
DNP also accelerates the disappearance of T4 from the circulation, and thus 
the serum concentration is lowered even more (GAITAN 1988; LINDSAY and 
GAITAN 1989). The public health impact of this pollutant on the thyroid is still 
unknown. 

IV. Pyridines 

Hydroxypyridines also occur in aqueous effluents from coal conversion pro
cesses, as well as in cigarette smoke (PI1T et al. 1979; KUBANOF et al. 1983; 
MOSKOWITZ et al. 1985; GAITAN 1986, 1988, 1990; LINDSAY 1989; LINDSAY et al. 
1992). Dihydroxypyridines and 3-hydroxypyridine are potent inhibitors of 
TPO, producing effects comparable to or greater than those of pro
pylthiouracil (LINDSAY et al. 1992). After ingestion, mimosine, a naturally 
occurring amino acid in the seeds and foliage of the tropical legume Leucaena 
ZeucocephaZa, is metabolized to 3,4-dihydroxypyridine (3,4-DHP), a potent 
antithyroid agent that produces goitre in mice, rats, sheep, and cattle (GAITAN 

1988,1990; LINDSAY 1989). 3,4-DHP crosses the placental barrier, producing 
goitrous offspring. The phenolic properties of the 3-hydroxy group in various 
hydroxypyridines are reflected in the metabolism of these compounds in vivo. 
3-Hydroxypyridine fed to rabbits is converted to ethereal glucuronide and 
sulphate conjugates. 3,4-DHP glucuronide and sulphate conjugates account 
for the majority of 3,4-DHP in the blood of cattle grazing on Leucaena. The 
ring structure of dihydroxypyridines does not appear to be broken down in 
the body and also appears to be relatively resistant to bacterial degradation 
(LINDSAY 1989). 
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v. Phthalate Esters and Metabolites 

Phthalic acid esters, or phthalates, are ubiquitous in their distribution and have 
been frequently identified as water pollutants (PEAKALL 1975; PROCEEDINGS 
1982; GAITAN 1988, 1989b, 1990). Dibutyl (DBP) and dioctyl phthalates 
(DOP) have been isolated from water-supplying areas of endemic goitre in 
western Colombia and eastern Kentucky in the United States (GAITAN 1986, 
1988, 1989a, 1990). Although phthalate esters are most commonly the result of 
industrial pollution, they also appear naturally in shale, crude oil, petroleum, 
plants, and fungal metabolites, and as emission pollutants from coal lique
faction plants (PITT et al. 1979; KUBAN OF et al. 1983; MOSKOWITZ et al. 1985; 
GAITAN 1986, 1988, 1989b, 1990). 

Phthalate esters are well absorbed from the gastrointestinal tract. Prior to 
intestinal absorption there is hydrolysis to the corresponding monoester me
tabolite. This is particularly true of the longer chain derivatives such as DOP. 
Phthalates are widely distributed in the body, the liver being the major, initial 
repository. Clearance from the body is rapid. Short-chain phthalates can be 
excreted unchanged or following complete hydrolysis to phthalic acid. Prior to 
excretion most longer-chain compounds are converted, by oxidative metabo
lism, to polar derivatives of the monoesters. The major route of phthalate 
esters elimination from the body is urinary excretion (PEAKALL 1975; PROCEED
INGS 1982; GAITAN 1989b). 

Phthalate esters are commonly used as plasticizers to impart flexibility to 
plastics, particularly polyvinylchloride polymers (PVC), which have a wide 
variety of biomedical and others uses: building and construction, home fur
nishings, cars, clothing, food wrappings, etc. A small fraction of phthalate 
esters are used as non-plasticizers for pesticide carriers, oils, and insect repel
lents. Phthalates may be present in concentrations of up to 40% of the weight 
of the plastic (PEAKALL 1975; PROCEEDINGS 1982). 

Phthalate esters are known to leach out from finished PVC products into 
blood and physiological solutions. The entry of these plasticizers into a 
patient's bloodstream during blood transfusion, intravenous fluid administra
tion, or haemodialysis has become a matter of concern among public health 
officials and the medical community (PEAKALL 1975; PROCEEDINGS 1982; 
GAITAN 1988, 1989b). A high incidence of goitre in patients receivingmainte
nance haemodialysis has been reported. Whether phthalate ester metabolites, 
contaminants in the water entering the patient's bloodstream, or middle mol
ecules (e.g., hydroxybenzoic and vanillic acids), which accumulate in uraemic 
serum and are poorly removed by haemodialysis, are responsible for this 
condition remains to be determined (GAITAN 1988, 1989b). 

Although phthalate esters and phthalic acids do not possess intrinsic 
antithyroid activity (Table 1), they undergo degradation by gram-negative 
bacteria to form DHBA (GAITAN 1988, 1989b, 1990). DHBAs are known to 
possess antithyroid properties (COOKSEY et al. 1985; GAITAN 1988, 1989b) 
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(Table 1). The 3,4- and 3,5-DHBAs also inhibit in vitro TPO and the incorpo
ration of iodide into thyroid hormones. The proven effective role of gram
negative bacteria in phthalate biodegradation may explain in part the 
relationship established between frequency of goitre and bacterial contamina
tion of water supplies (GAITAN et al.1980; GAITAN 1988, 1989a, 1990). Further
more, marked ultrastructural changes of the thyroid gland, similar to those 
seen after administration of TSH, and decreased serum T 4 concentration, have 
been observed in rats treated with phthalic acid esters (HINTON et al. 1986). 
Thus, phthalates may become goitrogenic under appropriate conditions; they 
are also actively concentrated and metabolized by several species of fish. 
Whether these widely distributed pollutants exert deleterious effects on the 
thyroids of humans has not been investigated. 

VI. Polychlorinated and Polybrominated Biphenyls 

Polychlorinated (PCB) and polybrominated (PBB) biphenyls are aromatic 
compounds containing two benzene nuclei with two or more substituent chlo
rine or bromine atoms. They have a wide variety of industrial applications, 
including electric transformers, capacitors, and heat transformers (BUCKLEY 
1982; GAITAN 1988; BARSANO 1989). 

There is growing evidence that atmospheric transport is the primary mode 
of global distribution of PCBs from sites of use and disposal (BUCKLEY 1982). 
Plant foliage accumulates the vapor of PCBs from the atmosphere. In addition 
to their occurrence in surface water (rivers, lakes, etc.), PCBs have also been 
detected in drinking water (SAFE DRINKING WATER COMMITTEE 1980). Perhaps 
the most significant human exposures are limited to individuals consuming 
freshwater fish from contaminated streams and lakes, and to occupational 
exposure of industrial workers. PCBs can also be found in the milk of nursing 
mothers who have eaten large amounts of sport fish or who have been occu
pationally exposed (SAFE DRINKING WATER COMMITTEE 1980; GAITAN 1988; 
BARSANO 1989). 

PCBs and PBBs have high lipid solubility and resistance to physical deg
radation. They are slowly metabolized, and their excretion is limited. Long
term low-level exposure to the organohalides results in their gradual 
accumulation in fat, including the fat of breast milk. PCBs have been found in 
the adipose tissue of 30%-45% of the general population (SAFE DRINKING 
WATER COMMITTEE 1980; BARSANO 1989; GAITAN 1992). 

The biological and toxicological properties of PCB mixtures may vary 
depending on their isomeric composition. Oral administration of PCBs to 
various mammals results in rapid and almost complete (90%) intestinal ab
sorption. The degradation and elimination of PCBs depend on the hepatic 
microsomal enzyme system (SAFE DRINKING WATER COMMITTEE 1980). The 
excretion of PCBs is related to the extent of their metabolism. Those with 
greater chlorine content have a correspondingly longer biological half-life in 
mammals. This resistance to metabolism is reflected in their deposition in 
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adipose tissue. The PCBs, however, have very low acute toxicity in all animal 
species tested, and PBBs have biological properties similar to PCBs. 

Despite the lack of evidence that dietary PCBs and PBBs have any delete
rious effects on health, there is a growing concern and uncertainty about the 
long-range effects of bioaccumulation and contamination of our ecosystem 
with these chemicals. The uncertainty extends to the potential harmful effect 
of these pollutants on the thyroid. For instance, an increased prevalence of 
primary hypothyroidism (11 %) was documented among workers from a plant 
that manufactured PBBs and PBB oxides (BAHN et al. 1980). These subjects 
had elevated titres of TPO-microsomal antibodies, indicating that 
hypothyroidism was probably a manifestation of lymphocytic autoimmune 
thyroiditis, perhaps a PBB-induced pathogenic autoimmune response or ex
acerbation of underlying subclinical disease. 

PCBs are potent hepatic microsomal enzyme inducers (SAFE DRINKING 
WATER COMMITIEE 1980; GAITAN 1988; BARSANO 1989). Rats exposed to PCBs 
exhibit a greatly enhanced biliary excretion of circulating T4. The T4 is ex
creted as a glucuronide which is then lost in the faeces (GAITAN 1988; BARSANO 
1989). This response is probably secondary to induction of hepatic microsomal 
T4-uridine diphosphate-glucuronyl tranferase. The enhanced peripheral me
tabolism and reduced binding of T4 to serum proteins in PCB-treated animals 
results in markedly decreased serum T4 concentrations. These low levels 
stimulate the pituitary-thyroid axis and this eventually results in goitre forma
tion. Although PCB-treated animals exhibit decreased serum T4, their T3 
levels are unchanged. The relative iodine deficiency brought about by the 
accelerated metabolism of T4 may induce increased thyroidal T3 secretion as 
well as increased peripheral deiodination of T4 to T3. PBBs appear to act 
similarly to PCBs. There is, however, some indication that they may also 
interfere directly with the process of hormonal synthesis in the thyroid gland 
(GAITAN 1988). 

VII. Other Organochlorines 

DDT (2,2-bis-(p-chlorophenyl)-1,l,l-trichloroethane) is polychlorinated and 
non-degradable. The substance is practically insoluble in water and resistant to 
destruction by light and oxidation. Its stability has created difficulties in resi
due removal from water, soil, and foodstuffs. The dominant degradative reac
tion of DDT is dehydrochlorination to form DDE (2,2-bis-(p-chlorophenyl)-
1,l-di-chloroethylene), which, like its precursor, has the same low solubility 
in water and high lipid-water partitioning. This substance is almost 
undegradable, both biologically and environmentally (SAFE DRINKING WATER 
COMMITTEE 1977). Dieldrin is one of the cyclodiene insecticides. It is almost 
insoluble in water and, like DDT and DDE, is very stable, both environmen
tally and biologically (SAFE DRINKING WATER COMMITTEE 1977). 

DDT has been used extensively, both in malaria control and in agricul
ture, all over the world. Because of biomagnification and persistence, DDT 
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and its breakdown products, DDE and DDD (dichlorodiphenyldichloroe
thane), are ubiquitous contaminants of water and of virtually every food 
product. For example, most of the fish from Lake Michigan in North America 
contain DDT residues. The substance is also present in milk; man is at the top 
of the food pyramid, so human milk is especially contaminated. The situation 
is basically similar for dieldrin, which is found in surface waters virtually 
everywhere. Dieldrin is heavily bioconcentrated in the lipids of terrestrial and 
aquatic wildlife, humans, and foods, especially animal fats and milk. Global 
distribution of high concentrations of organochlorines including DDT, DDE, 
DDD, and dieldrin, were recently found not only in developing countries but 
also in industrialized countries, which continue to be highly contaminated 
even though the use of many of these compounds is restricted (SIMONICH and 
HITES 1995). 

DDT is reductively dechlorinated in biological systems to form DDE and 
DDD. DDE, the predominant residue stored in tissues, reaching about 70% in 
humans, is much less toxic than DDT. DDE is slowly eliminated from the 
body; little is known about its degradation pathway. DDT is also slowly 
eliminated from the human body through reduction to DDD and other more 
water-soluble derivatives (SAFE DRINKING WATER COMMITTEE 1977; GAITAN 
1992). 

DDT is known to cause marked alterations in thyroid gland structure, 
such as thyroid enlargement, follicular epithelial cell hyperplasia, and pro
gressive loss of colloid in birds, and DDD causes goitre and increased 
hepatobiliary excretion of thyroid hormones in rats (BARSANO 1989). All these 
compounds (DDT, DDE, DDD, and dieldrin) induce microsomal enzyme 
activity that may affect thyroid hormone metabolism in a similar way to that of 
the polyhalogenated biphenyls and PAH (ROGAN et al. 1980; GAITAN 1988). 
The impact of these pollutants on the human thyroid is unknown. 

Dioxin (tetrachlorodibenzodioxin - TCDD), one of the most toxic small 
organic molecules, is a contaminant in the manufacturing process of several 
pesticides and herbicides, including Agent Orange. Also a potent inducer of 
hepatic microsomal enzymes, TCDD markedly enhances the metabolism and 
biliary excretion of T4-glucuronide (GAITAN 1988; BARSANO 1989). Rats treated 
with TCDD concomitantly develop hypothyroxinaemia, increased serum TSH 
concentrations, and goitre, probably as a result of T4loss in the bile (GAITAN 
1988). The impact on the thyroid of humans exposed to this agent is unknown, 
and evaluation of thyroid gland function and studies of thyroid hormone 
metabolism are necessary in those affected. 

VIII. Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (P AHs) have been found repeatedly in food 
and domestic water supplies, and in industrial and municipal waste effluents 
(SAFE DRINKING WATER COMMITTEE 1977; GAITAN 1988, 1990; BARSANO 1989). 
They also occur naturally in coal, soils, ground water and surface water, and in 
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their sediments and biota. One of the most potent of the carcinogenic PAR 
compounds, 3,4-benzpyrene (BaP), is widely distributed and, as in the case 
of other PARs, is not efficiently removed by conventional water treatment 
processes. 

The PAR carcinogens, BaP and 3-methylcolanthrene (MeA), accelerate 
T4 metabolism and excretion of T4-glucuronide by enhancement of hepatic 
UDP-glucuronyltransferase and glucuronidation, resulting in decreased serum 
T4 concentrations, activation of the pituitary-thyroid axis, and eventually 
goitre formation (GAITAN 1988, 1990; BARSANO 1989). There is also indication 
that MeA interferes directly with the process of hormonal synthesis in the 
thyroid gland. Furthermore, MeA, as well as 7,12-dimethylbenzanthracene, 
also induces goitrous thyroiditis in the BUF strain rat (WEETMAN and 
MCGREGOR 1994). Thus, MeA exerts its deleterious effects on the thyroid 
gland by at least three different mechanisms. Finally, the coal-derived PAR 
methylanthracene (MA), which has been identified in drinking water from the 
goitrous coal-rich district of eastern Kentucky in the United States (GAITAN 
1986, 1989a, 1990), was found to produce goitre in the BUF rat without 
alteration of hormone synthesis or lymphocytic infiltration of the thyroid 
gland (GAITAN 1990). 
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CHAPTER 13 

Thyroid Hormone Antagonism 
l.W. BARLOW, T.e. CROWE, and D.l. TOPLISS 

A. Introduction 
The development of hormone antagonists, or compounds which can reverse 
the physiological effects of hormone hypersecretion, has been a desirable and 
achievable goal for many small molecular weight hormones. The spectacular 
successes achieved with hormone antagonists such as spironolactone, RU-486 
and cimetidine have stimulated pharmacologists and pharmaceutical compa
nies to use similar strategies in the search for an antagonist to thyroid hor
mone. For the most part the development of steroid hormone antagonists 
followed a classical chemical synthetic route; systematic modifications either 
to the ring structure or to side chains of the steroid were carried out, the new 
compounds were tested in a hormone bioassay ultimately leading to clinical 
trials, and subsequently effective compounds were applied in clinical practice. 
Consequently, there is now a range of compounds which are safely able to 
inhibit the actions of mineralocorticoids, glucocorticoids, androgens and 
progestagens and which have extensive clinical utility. These compounds are 
also remarkably useful tools which can be used to understand the molecular 
mechanisms of steroid hormone action in the laboratory. 

In marked contrast, the same approach for thyroid hormone (T3) has been 
almost entirely unsuccessful. Despite the design and synthesis of a large vari
ety of compounds structurally analogous to T3, few of them are able to modu
late the activity of the parent compound and none has yet had clinical 
application or is a useful tool for in vitro analysis. 

There are two main reasons for this lack of success. First, the mechanism 
of action of T3 is not the same as that of steroid hormones. Even though T3 
induces changes in gene transcription in a manner which is broadly similar to 
that for steroids, there are some fundamental differences in the interactions of 
T3 with cell-associated proteins in comparison with steroids. Second, T3 does 
not have a unique action. While most hormones have a range of cellular 
effects, their initial discovery and characterisation historically occurred be
cause of induction of a primary recognisable cellular response. T3, however, 
probably affects every tissue in the body at some stage between embryogenesis 
and senescence and for many tissues it induces multiple and apparently con
trasting responses. In hypothyroid rat liver, for example, as many as 
20mRNAs have been shown to respond to T3 administration (SEELIG et al. 
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1981). Responses can be positive, negative or biphasic and none has yet been 
defined as uniquely associated with this hormone. 

In the absence of a T3 antagonist, current treatment of thyroid hormone 
hypersecretion is targeted at the gland rather than at the peripheral tissue level 
(W ARTOFSKY 1993). This treatment is often less than optimal, with many pa
tients progressing to surgery. Accordingly, the development of a new class of 
compounds with anti-T3 activity or compounds which can modulate hormone 
activity is a desirable, if elusive, goal. The potential sites of action of such 
compounds are distributed throughout the cell although the most likely areas 
are those concerned with intracellular transport and regulation of transcrip
tion. These include plasma membrane uptake mechanisms, cytoplasmic bind
ing proteins and hormone receptors. In this review we will consider each of 
these sites and the possibilities that physiological or pharmacological manipu
lations of each of them could lead to modulation of T3 responsiveness. 

B. Inhibition of Uptake 
I. Mechanisms of Cell Entry 

Given the heterogeneity of responses to T3, perhaps the ideal T3 antagonist 
would be one which can prevent access of T3 to the transcriptional machinery 
by blocking entry of the hormone into cells. However, the mechanism of 
cellular entry of thyroid hormones is still the subject of some controversy and 
while the view that hormone entry is by simple diffusion (WEISIGER et al. 1992) 
has largely been superseded by the concept of specific uptake mechanisms, 
detailed understanding of the exact nature of these mechanisms has remained 
obscure. 

Carrier-mediated uptake systems for thyroid hormones have been clearly 
demonstrated using a perfused isolated rat liver model (for review see 
KRENNING and DOCTOR 1986), which can differentiate between transport into 
the liver and subsequent metabolism. Transport can be reduced by reduction 
of hepatic ATP with fructose, an effect which can be reversed by addition of 
insulin and glucose, suggesting that cell entry is an energy-dependent process 
(DE JONG et al. 1992). Other experiments in primary hepatocytes (KRENNING et 
al. 1981) or thymocytes (CENTANNI et al. 1991) suggest uptake is not only 
energy dependent but is also sodium dependent, sensitive to metabolic inhibi
tors such as potassium cyanide and to the concentration of extracellular so
dium. Others have found uptake to be energy sensitive but have not been able 
to confirm sensitivity to extracellular sodium concentrations. For example, the 
substitution of N-methyl glucamine for sodium did not affect uptake in pri
mary (BLONDEAU et al. 1988) or cultured rat liver cells (TOPLISS et al. 1989). 
Similar sodium independent uptake has also been observed in erythrocytes 
(OSTY et al. 1988a), astrocytes (BLONDEAU et al. 1993) and choriocarcinoma 
cells (MITCHELL et al. 1992a.b)' 
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These differences in uptake may relate to cell type or cell culture condi
tions or they may reflect the heterogeneous nature of T3 entry into cells. In 
thymocytes, sodium increased uptake of T3, but not T4, by about 40%, suggest
ing a degree of heterogeneity in the uptake site. Part of the problem is that the 
majority of studies have assumed that membrane uptake shows a specificity for 
T3 rather than T4. Certainly, cell culture experiments suggest this to be the 
case, although differential studies of a separate T4 uptake site using sodium 
sensitivity to diminish the involvement of T3 uptake have not been pursued. In 
erythrocytes, T3 uptake is closely related to the system T amino acid uptake 
system (ZHOU et al. 1992) but in astrocytes (BLONDEAU et al. 1993) and 
neuroblastoma cells (LAKSHMANAN et al. 1990) system L amino acids inhibit 
uptake. Some of the characteristics of sodium-independent thyroid hormone 
uptake sites are summarised in Table 1. In essence, T3 is taken up by cells by 
a mechanism which exhibits low affinity and which cross-reacts with amino 
acid uptake. Both of these features are compatible with a generalised uptake 
system which has broad specificity for a range of cellular regulatory factors. 
Sodium-dependent uptake, demonstrated in liver (KRENNING et al. 1981), 
muscle (CENTANNI and ROBBINS 1987) and pituitary cells (EVERTS et al. 1993), 
is less well defined although it may bind more hormone at lower T3 concentra
tions than the sodium-independent site (EVERTS et al. 1993). 

II. Purification of Membrane-Binding Sites 

A major stumbling block in the definitive characterisation of the mechanism of 
cell entry of T3 has been the inability to purify the uptake site by conventional 
techniques. Affinity labelling studies suggest that membrane-associated pro
teins which bind T4 or T3 are less heterogeneous than either cytosolic or 
nuclear proteins and are of the order of 44-64 kDa in molecular size (DOZIN et 
al. 1985; ANGEL et al. 1990). While there appears to be no relationship between 

Table 1. Characteristics of sodium-independent T3 uptake systems in primary and 
cultured mammalian cells. The affinity, expressed as K" is the concentration of T3 
required for half-maximal uptake over a given period of time 

Tissue Molecular Affinity, K, Amino acid References 
weight cross-reactivity 

Rat erythrocytes 50,65 130nM,220pM, System T ZHOU et al. 1992 
36pM ANGEL et al. 1990 

OSTY et al. 1988 

Rat hepatocytes 30,44,70 680nM,340nM System T TOPLISS et al. 1989 
BLONDEAU et al. 1988 
DOZIN et al. 1986 

Rat astrocytes -211M System L BLONDEAU et al. 1993 

Mouse neuroblastoma 48,53,58 136nM,119pM System L LAKSHMANAN et al. 1990 
cells GONCALVES et al. 1990 

Human 586-755nM Neither system L nor PRASAD et al. 1994 
choriocarcinoma system T MITCHELL et al. 1992a,b 
cells 
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proteins in these three compartments in liver (DOZIN et al. 1985), the cellular 
distribution of these proteins may be cell specific. Antibodies raised against a 
predominantly plasma membrane fraction from A431 cells localised a 55-kDa 
protein to the endoplasmic reticulum and nuclear envelope rather than the 
plasma membrane (CHENG et al. 1986). Furthermore, hormone-binding pro
files of membrane-bound proteins either in the crude (BARLOW et al. 1991) or 
semipurified (GONCALVES et al. 1990; ANGEL et al. 1990) states show poor 
reproducibility and are not consistent with a single class of saturable binding 
sites. 

Even without purification and detailed biochemical characterisation of a 
plasma membrane T3-binding site, hormone uptake is a critical physiological 
event and can be inhibited by a range of compounds. 

III. Inhibition of Uptake 

Uptake of [125I]T3 can be inhibited by hormone analogues with a clear prefer
ence being shown for unlabelled T3. Triac, T4 and a range of other analogues 
are approximately 10- to lOO-fold less potent (BLONDEAU et al. 1988; 
TOPLISS et al. 1989). A surprising array of other compounds is also able to 
inhibit uptake (Table 2). Some of these compounds give clues as to the 
nature of the uptake site, particularly with regard to uptake inhibition by 
amino acids. Other compounds, such as the inhibitor of glucose transport, 
phloretin, probably inhibit uptake because of structural similarities to T3, 
rather than through inhibition of glucose transport (MOVIUS et al. 1989). 

Table 2. Some chemical inhibitors of T3 uptake in mammalian cells (from BLONDEAU 
et al. 1988, 1993; KRAGIE and DOYLE 1992; LAKSHMANAN et al. 1990; MOVIUS et al. 1989; 
PRASAD et al. 1994; TOPLISS et al. 1989, 1993; ZHOU et al. 1992) 

Amino acids 
Leucine 
Phenylalanine 
Tryptophan 

Benzodiazepines 
Lormetazepam 
Triazolam 
Ro54864 
Diazepam 

Calcium channel blockers 
Diltiazem 
Nifedipine 
Verapamil 

Inhibitors of receptor-mediated endocytosis 
Chloroquine 
Monodansylcadaverine 

Naphthalene snlphonamides 
(calmodulin antagonists) 

Calmidazolium 
Trifluoperazine 
W7, W12, W13 

Non-bile acid cholephils 
Bromosulphthalein 
Iopanoic acid 
Indocyanine green 

Non-steroidal anti-inOammatory drugs 
Diclofenac 
Fenclofenac 
Flufenamic acid 
Meclofenamic acid 
Mefenamic acid 

Other 
Phenytoin 
Phloretin 
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Similarly, benzodiazepines are able to inhibit uptake because of structural 
homology to T3 and independently of benzodiazepine receptors (KRAGIE and 
DOYLE 1992). 

Uptake may involve calcium. Benzodiazepines affect mitochondrial cal
cium dynamics and T3 uptake can be blocked by calcium channel blockers and 
by calmodulin antagonists (TOPLISS et al. 1993). Studies with the rat hepatoma 
cell line H4 also showed that compounds such as non-bile acid cholephils 
inhibited T3 uptake, with almost complete inhibition being achieved with 
iopanoic acid or indocyanine green at 0.1 mM (TOPLISS et al. 1988). Phenytoin 
inhibits uptake at concentrations similar to those found therapeutically. These 
studies were performed in serum-free medium, but since this drug is exten
sively bound to serum proteins the pharmacological significance of the mem
brane interaction is yet to be established. 

Surprisingly, non-steroidal anti-inflammatory drugs (NSAIDs) are also 
potent inhibitors of uptake and although the same serum binding consider
ations for phenytoin apply to this class of drug, they can be used to define the 
characteristics of the ligand which determine cell entry. For this study we used 
a series of synthetic phenyl anthranilic acids, and found that inhibition of 
uptake was highly dependent on hydrophobicity of the ligand. There was a 
parabolic relationship between uptake and the calculated ethanol-water parti
tion coefficient, which was independent of size and position of substitution 
(CHALMERS et al. 1993). These studies included the clinically important 
NSAIDs flufenamic acid, meclofenamic acid and mefenamic acid, and poten
tially may lead to the design of compounds with higher affinity for the uptake 
site. 

IV. Uptake Inhibition and Hormone Responsiveness 

It is not yet clear whether inhibition of uptake leads to alterations in hormone 
responsiveness. Impaired T3 production by perfused livers from fasted rats is 
associated with diminished T4 uptake (JENNINGS et al. 1979) but caloric restric
tion also reduces 5'-deodinase activity (DOCTOR et al. 1993). Which effect 
predominates is unclear. Good evidence that agents which block uptake also 
prevent intracellular accumulation of the hormone comes from studies using 
hepatocytes and human serum taken from individuals with non-thyroidal 
illness. In experiments which carefully preserved the correct ligand-serum 
binding relationship, LIM et al. (1993a) showed that uptake was inhibited up 
to 42 % by sera from critically ill patients. These sera contained elevated 
concentrations of bilirubin, oleic acid, a furan fatty acid or indoxyl sulphate. 
Importantly, uptake measured in terms of iodide production was also inhibited 
when these compounds were added to normal serum, which suggests that 
exposure ofT4 to the intracellular deiodinase was prevented (LIM et al.1993b). 
Thus, compounds which decrease uptake also decrease intracellular accumula
tion although whether hormone responsiveness is also influenced is not 
known. 
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C. Cytoplasmic Binding 
I. Role of Cytoplasmic Binding 

Thyroid hormone-binding proteins (CTBPs) in the cytoplasm of mammalian 
cells have been observed for almost 40 years, but as yet there is no consensus 
concerning their identity or their role in mediating thyroid hormone respon
siveness. The simplest interpretation is that CTBPs are the intracellular 
equivalent of serum-binding proteins and have a pivotal role in hormone 
transport. Given that T3 partitions into phospholipid membranes in preference 
to aqueous media by about 20000 to 1 (HILLIER 1970), CTBPs must have at 
least some role in keeping T3 and T4 in the aqueous phase, thereby maintaining 
intracellular free hormone concentrations. Whether they have other functions 
and whether blocking these functions has an effect on a thyroid response is 
largely unknown. 

Multiple forms of CTBP have been identified in cytosols of liver (DOZIN et 
al. 1985), heart (OSTY et al. 1988b), kidney (HASHIZUME et al. 1989a,b), brain 
(LENNON 1992) erythrocytes (FANJUL and FARIAS 1991) and a number of 
cultured cell lines. Photoaffinity labelling studies have shown that these pro
teins, at least in liver, are different from membrane or nuclear binding sites 
and have molecular weights between 30 and 70kDa (DOZIN et al. 1985). 

Of all the cellular proteins which bind thyroid hormones, those localised 
between the membrane and nucleus seem to be the most heterogeneous, and 
their hormone-binding capacity is perhaps secondary to their primary role. 
Thus, binding has been observed to protein disulphide isomerase (OBATA et al. 
1988), pyruvate kinase (KATO et al. 1989), glutathione-S-transferases (ISHIGAKI 
et al. 1989) and haemoglobin (SAKATA et al. 1990). In addition, binding may be 
regulated by cofactors in vitro which may influence responsiveness in vivo. For 
example, in rat kidney, a 58-kDa protein binds T3 with moderate affinity and 
acts as a hormone reservoir in the presence of NADPH to prevent nuclear 
binding (HASHIZUME et al. 1989b). Upon addition of NADP, the protein 
facilitates the uptake of T3 from cytoplasm to nucleus in vitro in cell culture 
(HASHIZUME et al. 1989c). Whether the ratio of NADPH to NADP subse
quently affects T3-induced gene transcription has not been tested. 

In human epidermoid carcinoma A431 cells, a similar 58-kDa binding 
protein has been observed which is a monomer of pyruvate kinase subtype M2 
(KATO et al.1989; PARKISON et al. 1991). This enzyme exists in two forms, either 
as a monomeric protein designated as p58-M2 or as a tetrameric form called 
PKM2• It is attractive as a cytosolic binding protein because of its wide tissue 
distribution (ASHIZAWA et al. 1991). It is an important glycolytic enzyme and 
its activity is affected by fructose 1,6-bisphosphate, which causes monomeric 
p-58M2 to form tetrameric PKM2. Monomeric p-58M2 binds T3 whereas the 
tetrameric form does not. ASHIZAWA and CHENG (1992) found that the re
sponse to T3 of a reporter gene construct was in inverse proportion to the 
intracellular concentration of monomeric p-58M2 (Fig. 1). They hypothesised 



Thyroid Hormone Antagonism 

I 
c 
o 
'iii 

30 

~ 20 
c o 
u 

* ?: 
'> 10 
.~ 

<t 
f-
<t 
u 

, , 

o 

, , , 
\ 

2 

325 

3 4 5 25 
Glucose (mM) 

Fig. I. Reciprocal relationship between p58-M2 (open circles) and T3-dependent tran
scription (closed circles) in JEG-3 cells. The intracellular concentration of monomeric 
p58-M2' which binds T3, was depleted with fructose 1,6-bisphosphate via addition of 
glucose. As a result the intracellular binding protein was reduced, allowing intracellular 
free T3 to increase. Accordingly, transcriptional activation by T3 also increased. (From 
ASHIZAWA and CHENG 1992b, with permission) 

that by increasing levels of monomeric p-58M2, intracellular binding increases, 
resulting in a reduction in intracellular free T3 concentrations, rendering the 
hormone less available to nuclear receptors (ASHlZAWA and CHENG 1992). The 
hypothesis is supported by the observation that pyruvate kinase subtype R 
fulfils a similar role in human erythrocytes but that the ratio of monomer to 
tetramer is controlled by A TP in addition to fructose 1,6-bisphosphate 
(FANJUL and FARIAS 1993). 

Interestingly, reduced transcription of the reporter gene by raised cyto
plasmic concentrations of pyruvate kinase monomer could be overcome by 
very high concentrations of T3, consistent with the role of CTBPs as a storage 
or transport protein. Furthermore, reporter gene responsiveness to Triac was 
not influenced by factors which altered monomer concentrations, suggesting 
the involvement of multiple CTBPs, some of which are sensitive to the ratio of 
monomer to tetramer, but some of which are not. 

II. Cytoplasmic Binding and Hormone Responsiveness 

Despite these observations in cultured cells, it is not yet known whether 
CTBPs have a role in mammalian tissues or whether physiological or pharma
cological manipulations can influence a hormone response. The cellular con
centration of the NADPH-dependent form corresponds approximately with 
tissue responsiveness to thyroid hormone, being highest in tissues such as 
heart, liver and kidney and lowest in testis and spleen (SUZUKI et al. 1991). 
Levels tend to be low at birth and rise with age, although in the brain, binding 
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is highest at birth and declines thereafter (LENNON et al. 1980; SUZUKI et al. 
1991), which may suggest a critical involvement in neurological development. 
The capacity of CTBPs is approximately 200-fold greater than nuclear binding 
sites and of considerably lower affinity. Thus, at equilibrium as much T3 will be 
bound in the cytoplasm as is bound in the nucleus. Accordingly, modulation of 
CTBP number or competitive inhibition of cytoplasmic binding may influence 
nuclear localization. Certainly some evidence suggests that increasing CTBP 
number in thyroidectomised rat kidney by the administration of T4 results in a 
decrease in nuclear binding (NISHII et al. 1989). 

Perhaps the best evidence for a modulating role for CTBPs comes from 
studies using hormone analogues. In a study of thyromimetics containing 3'
arylmethyl substituents, LEESON et al. (1989) compared the relative potency of 
33 synthetic drugs in both rat liver and heart. They found that the competitive 
potency of some compounds for nuclear binding was approximately the same 
in each tissue if the experiment was conducted using isolated nuclei. However, 
when the potency of these compounds was assessed in vivo after intramuscular 
injection, they were at least tenfold more potent in liver than in heart. One 
compound in particular, SKF-94901, was about 50% as active as T3 in liver 
nuclear receptor binding in vivo but only 1 % as active in vitro and had nearly 
200 times more enzyme-inducing activity in liver than in heart (Fig. 2; 
UNDERWOOD et al. 1986). The difference between in vitro and in vivo activity 
can be adequately explained by the fact that SKF 94901 has a low affinity for 
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Fig.2A,B. Competition of T3 and the analogue SKF-94901 with [125I]T3 for occupation 
of nuclear receptors in vivo in hepatic nuclei (left panel) or cardiac nuclei (right panel). 
Potency of unlabelled T3 was approximately the same in each tissue but SKF-94901 
was at least 30-fold less potent in cardiac nuclei than in hepatic nuclei, despite 
being equipotent in competition studies in vitro. (From UNDERWOOD et al. 1986, with 
permission) 
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serum proteins, which results in a free fraction of approximately 4 % (BARLOW 

et al. 1989). 
Despite the fact that different forms of T3 receptors are expressed in liver 

and heart, the selectively of SKF-94901 appears not to depend on receptor 
recognition but rather on penetration or access to the nucleus in vivo 
(UNDERWOOD et al. 1986; LEESON et al. 1989). This conclusion is supported by 
studies using cultured cells in which the apparent competitive potency of SKF-
94901 for nuclear binding sites was greater in nuclear extract than in whole 
cells studied under identical conditions (BARLOW et al. 1989). To determine 
which cellular compartment is responsible for this affinity difference in normal 
tissues, the competitive potency of SKF-94901 was examined in three tissue 
extracts: membranes, cytosol and nuclei, from mammalian heart and liver. 
While no difference in relative potency was found with membrane prepara
tions or nuclear extracts between the two tissues, SKF-94901 was tenfold more 
potent in relation to T3 in cytoplasmic extracts from liver than from heart 
(BARLOW et al. 1991). These binding studies are entirely consistent with the 
concept that tissue selectivity of these analogues is conferred at an extra
nuclear site, probably in the cytoplasm. On the basis of their selective activity, 
these analogues have been proposed as agents which could be used therapeu
tically to lower cholesterol without having adverse thyromimetic effects 
(UNDERWOOD et al. 1986). 

III. Pharmacological Antagonism of Cytoplasmic Binding 

While the foregoing information suggests a pivotal role for CTBP in tissue
specific transport of T3 to the nucleus, there are as yet no descriptions of 
pharmacological interference with these sites resulting in antagonism of a T3 
effect. In an extension of earlier serum binding studies in which we examined 
a range of compounds for binding to thyroxine-binding globulin and 
transthyretin, we studied the same compounds for their competitive potency 
at the cytoplasmic level. The drugs were chosen as representative of non
steroidal anti-inflammatory agents, non-esterified fatty acids and non-bile acid 
cholephils and amiodarone, frusemide and EMD 21388. 

None of the drugs was of sufficient potency to be considered as a T3 
antagonist, however, one agent, diclofenac, was considerably more potent as a 
cytoplasmic competitor than as a nuclear competitor. Subsequently, we tested 
this compound for its ability to influence a T3-induced response. In human 
hepatoma cells, diclofenac promoted the efflux of T3 from pre-labelled cells 
and inhibited T3 stimulation of the mRNA of an endogenous gene (BARLOW 

et al. 1996). 
While the results with diclofenac are encouraging, the effect was only 

achieved at free drug concentrations which were suprapharmacological and 
although the use of the drug may indicate a mechanism, the concentrations 
needed to achieve an effect preclude any clinical utility. The other potential 
cytoplasmic antagonist, SKF-94901, has wide-ranging and probably lethal ef-
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Fig.3. Structures of: 1, T3 and some non-thyroidal drugs which show competitive 
potency for intracellular T3-binding sites; 2, SKF-94901; 3, amidarone; 4, phloretin; 5, 
fiufenamic acid, a phenylanthranilic acid. The toxin dioxin, which is structurally related 
to phenylanthranilic acid, is shown in 6 

fects on liver and kidney. Other competitors developed as potential tools for 
NMR studies of hormone-binding sites which may have antagonist activity, 
bear a structural resemblance to the low molecular weight poison dioxin (2, 3, 
6, 7-tetrachlorodibenzo dioxin; CHALMERS et al. 1993). Some of these struc
tures are illustrated in Fig. 3. A considerably greater understanding of CTBPs 
and the nature of their binding sites is required before antagonism by these or 
similar compounds at this site will be possible. 

D. Antagonism at the Receptor Level 
I. Thyroid Hormone Receptors and the Receptor Superfamily 

The possibility of developing a receptor antagonist depends on a complete 
understanding of receptor structure and function, which are reviewed in 
Chap. 6, this volume. Receptors for T3 are members of a nuclear receptor 
superfamily which includes receptors for steroids, thyroid hormones and 
retinoids, as well as a large number of related proteins for which regulatory 
ligands have not been identified (LAUDET 1992; ZHANG and PFAHL 1993). 
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These receptors regulate the transcription of complex networks of genes and 
thus control diverse aspects of growth, development and homeostasis. They 
bind to specific DNA sequences within particular genes that are targets for 
regulation. Understanding the mechanisms that underlie gene-specific recog
nition therefore forms a central problem in understanding how various mem
bers of the nuclear receptor superfamily function to regulate gene expression 
differentially. 

The members of the steroid hormone receptor family act as ligand
responsive transcriptional factors that activate or repress expression of 
hormone-responsive genes. These transcriptional regulators are characterised 
by a highly conserved, cysteine-rich, zinc finger DNA-binding domain 
and a less well conserved ligand-binding domain which confers specificity 
for a given hormone (EVANS 1988; FREEDMAN and LUISI 1993). 

There are two major and fundamental differences between T3 receptors 
and steroid hormone receptors. First, classical steroid receptors undergo an 
activation step and dissociation from a heat shock protein complex upon 
activation by hormone binding. In contrast, T3 receptors (TRs) do not nor
mally associate with heat shock proteins (DALMAN et al. 1990). Second, in the 
unliganded state, TRs are bound to DNA and can directly repress gene tran
scription (DAMM et al. 1989; YEN and CHIN 1994). There is also increasing 
evidence that these receptors can interact with another member of the recep
tor superfamily, the retinoid X receptor (RXR), which has been shown to have 
a potentiating effect on binding and function of TR and on the highly homolo
gous retinoic acid and vitamin D receptors (WILLIAMS and BRENT 1992; ZHANG 
and PFAHL 1993). 

By virtue of sequence homology with other members of the steroid family, 
TRs share a similar domain organisation, including a central DNA-binding 
domain containing two "zinc fingers" composed of cysteine residues formed 
into a loop structure and chelated with a zinc atom, and a carboxy-terminal 
ligand-binding domain. Protein-DNA interactions are mediated by the highly 
conserved DNA-binding domain while protein-protein interactions are medi
ated by the extensive C-terminal dimerisation interface that is contained 
within the ligand-binding domain (EVANS 1988; BEATO 1989; GLASS 1994). 

II. Heterogeneity Among Thyroid Hormone Receptors 

There are two major TR isoforms, ranging in size from 400 to slightly over 500 
amino acids, which mediate T3-regulated gene expression. These isoforms are 
designated a and f3, and are encoded on human chromosomes 17 and 3, 
respectively (EVANS 1988; LAZAR 1993). TR diversity is further increased by 
the generation of additional isoforms from the a and f3 genes. There is a high 
degree of homology between the critical DNA and ligand-binding domains of 
these receptor isoforms. 

Heterogeneity among TRaisoforms arises as a consequence of alternative 
splicing of a common mRNA precursor leading to the generation of two 



330 l.W. BARLOW et al. 

mature mRNAs that are each translated into two proteins, TR£X:t and TRaz 
(LAZAR 1993). These proteins are identical for the first 370 amino acid residues 
but their respective sequences diverge markedly thereafter. TRaz contains a 
122-amino-acid carboxy terminus that replaces the region in TR£X:t that is 
necessary for hormone binding, and thus TRaz cannot bind T3. Additionally, 
TRaz binds weakly to DNA and cannot transactivate thyroid hormone
responsive genes. Accordingly, only TR£X:t is regarded as an authentic thyroid 
hormone receptor. 

The function of TRaz is unknown but it may inhibit thyroid hormone 
action by competing for DNA binding in vitro (KATZ and LAZAR 1993) and in 
vivo (RODIN et al. 1990). Recent evidence suggests that dephosphorylation of 
TRaz increases its affinity for DNA and its ability to inhibit responses medi
ated by TR£X:t in vitro (KATz et al. 1995). This suggests that phosphorylation 
may provide a mechanism for modulation of the expression of Trresponsive 
genes. TRaz is widely expressed in tissues, particularly the brain, and conceiv
ably regulation of this isoform in vivo may lead to TR£X:t antagonism. Further 
exploration of this possibility rests upon the identification of factors control
ling expression and/or phosphorylation of TRaz or of a ligand for this receptor. 

Similarly the protein encoded by the virus responsible for avian 
erythroblastosis (v-erbA) functions as an antagonist ofTR£X:t in vitro (DAMM et 
al. 1989). This study suggests that v-erbA contributes to cellular transforma
tion by inhibiting the function of its normal endogenous counterpart. While 
this does not exclude the use of v-erbA as an antagonist in vivo, a more 
detailed understanding of the outcome of this antagonism and of the factors 
controlling this virus is required before the observation has application. 

There are also two TRs encoded by the TR/3 gene (RODIN et al. 1989). 
There are two promoter regions in this gene, each of which is essential for the 
transcription of an mRNA coding for a distinctive protein. Alternative pro
moter choice and/or RNA splicing selects one or both of the coding mRNAs, 
with their translated products designated as TR/31 and TRA. Both are bona 
fide receptors by virtue of their abilities to bind DNA and thyroid hormone 
with high affinity and specificity as well as their ability to transactivate thyroid 
hormone-responsive genes. 

Another important aspect of transcriptional activation by T3 is that of the 
role of non-receptor cofactors. TRs, in contrast to other steroid receptors, 
actively repress transcription in the absence of ligand. This repression is 
thought to occur through a corepressor protein which binds to TR/31 in the 
absence of ligand and is released on hormone binding (BANIAHMAD et al. 
1995). A candidate corepresser has recently been identified. It is a 2453 amino 
acid protein which interacts with the hinge region between the ligand and 
DNA-binding domains of TR/31 and is thought to be released upon binding of 
T3 to the receptor (RORLEIN et al. 1995; CHEN and EVANS 1995). Other tran
scription factors may also act as repressors by distinct mechanisms 
(BANIAHMAD et al. 1993). A detailed understanding of the function and regu
lation of these corepressors may allow the design of protocols or techniques 
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which use the inhibitory activity of these molecules to control gene expression 
especially in the presence of high circulating concentrations of ligand. 

III. Tissue Distribution of Receptors 

An important consideration in the search for ways to influence T3 response 
through its receptors is their tissue distribution. When expressed per gram of 
tissue, the most highly abundant TR isoform is TRA, but expression of this 
isoform is confined mainly to the pituitary and hypothalamus (RODIN et al. 
1989). Messenger RNAs encoding the TRa1, tXz and /31 isoforms are expressed 
in virtually all tissues, although they have characteristic distributions. For 
example, TRa1 is in highest abundance in skeletal muscle and brown fat 
whereas tXz mRNA expression is extremely prominent in the brain (BRADLEY 
et al. 1992). TR/31 is more homogeneously distributed, but higher in brain, liver 
and kidney (RODIN et al. 1990). 

Even within a tissue there is a differential expression of TR SUbtypes; 
for example, there is region-specific expression of TRa and /3 in the brain 
(BRADLEY et al. 1992). Recent studies of the expression of TR mRNAs have 
revealed a dissociation between T3-binding activity and the levels of the 
mRNAs that code the functional TRs in some tissues. The liver, which con
tains high levels ofTR, as measured by T3-binding assay (SCHWARTZ et al. 1992; 
TAGAMI et al. 1993), contains surprisingly low levels of mRNAs coding for 
functional receptors TRa1 and /31 (RODIN et al. 1989, 1990). In contrast, the 
brain expresses relatively high levels of TRal and /31 mRNA (MURRAY et al. 
1988; RODIN et al. 1989, 1990; TAGAMI et al. 1993) despite much lower T3-
binding capacity (SCHWARTZ et al. 1992). 

These results draw attention to the need for careful interpretation of the 
physiological significance of changes in TR mRNA. The fact that certain 
tissues have variable amounts of TR mRNA and functional protein suggests 
that tissue-specific regulation at both the pre- and post-translational 
levels plays important roles in gene regulation by thyroid hormones and its 
modulation. 

IV. Receptor Regulation of Tissue Responsiveness 

A number of factors influence the expression of TR mRNA and tissue TR 
concentrations, particularly T3. For example, in amphibians, the expression of 
TR/3 mRNA increases exponentially immediately before metamorphosis, as 
thyroid hormone becomes available and thyroid hormone-regulated genes are 
first detected (CHATTERJEE and TATA 1992). 

In rats, injection of T3 increases the concentration of TR/31 mRNA and 
decreases the concentration of TRA in the pituitary while also decreasing 
the concentrations of TRa1 and TRtXz mRNA in the heart, kidney and pitu
itary (RODIN et al. 1990; WILLIAMS et al. 1991). In cultured rat pituitary cells, 
TRA mRNA levels were downregulated by T3 at the level of gene transcrip-
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tion in accordance with in vivo studies (HODIN et al. 1990; DAVIS and LAZAR 
1992). 

The physiological purpose of the hormonal regulation of TR~ is unclear. 
It has been suggested that TR~ may be particularly important for pituitary T3-
responsiveness (LAZAR 1993). The expression of TR~ mRNA in the pituitary 
is greatest in thyrotrophs and somatotrophs, cells that express genes regulated 
by T3. Experimentally induced hypothyroidism alters the relative expression 
of TR~ mRNA in these pituitary cells, with thyrotrophs increasing production 
and somatotrophs decreasing production (CHILDS et al. 1991). The divergent 
effects of the removal of T3 on expression of TR~ mRNA by thyrotrophs and 
somatotrophs indicate that the receptor may subserve different functions in 
these two cell populations. 

Receptor levels are also profoundly influenced by short-chain fatty acids, 
particularly sodium butyrate. Sodium butyrate produces a wide variety of 
effects on cells in culture: proliferation, differentiation and specific gene 
expression. It increases the level of histone acetylation by inhibition of 
de acetylation (ORTIZ-CARO et al.1986). In GH1 cells, sodium butyrate reduces 
levels of the 47-kDa receptor (presumably TRCX:t) by reducing its half-life but 
increases levels of TR~ (CASANOVA et al. 1984). Similar responses were seen 
in another pituitary cell line, GH3 cells, in which butyrate decreased receptor 
concentrations and virtually abolished T3 responsiveness (CATIINI et al. 1988). 
Sodium butyrate has also been reported to reduce receptor levels in rat liver 
cells and human skin fibroblasts (MITSUHASHI et al. 1987; ICHIKAWA et al. 1992) 
although it causes an increase in receptor number in cultured glial cells 
(ORTIZ-CARO et al. 1986). It is highly likely that modulating histone acetylation 
has opposite effects on the predominant receptor isoforms TRCX:t and TR{Xz, 
thus limiting the utility of short-chain fatty acids to in vitro studies only. 

Other factors also reduce receptor number, particularly those associated 
with illness or reduced caloric intake. Fasting reduces TR{31 and TRal concen
trations in rat liver to 43 % and 32 % of the fed state, respectively. Total protein 
is also reduced but receptor mRNA levels are unchanged (LANE et al. 1991). 
The reduction in receptor levels probably arises from a calorie-sparing mech
anism although why the mRNA levels are preserved is not understood. Me
diators of the acute inflammatory responses in critical illness such as 
interleukin-1{3, interleukin-6 and tumour necrosis factor reduce nuclear recep
tor number in human HepG2 cells by up to 30% in vitro (WOLF et al. 1994). 
This study contrasts with a clinical study by WILLIAMS et al. 1989), who found 
that both TRa and TR{3 mRNAs were increased in chronic illness. They 
proposed that increased receptor number compensates for the low hormone 
levels associated with severe illness. Given that unoccupied TRs are gene 
repressors, an increase in receptor number is unlikely to compensate for 
reduced availability of hormone by increasing gene transcription. 

Special mention needs to be made of the relationship between T3 
and retinoids. An amelioration of response to thyroid hormone by co
administration of vitamin A was first noted nearly 50 years ago (SADHU and 
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BRODY 1947), but detailed study of thyroid-retinoid interactions did not begin 
until structural homology between thyroid and retinoid receptors was 
recognised by GIGUERE et al. in 1987. 

For the most part, studies of transcriptional regulation by T3, and the 
effect of retinoids and vice versa, have been restricted to artificial gene con
structs transfected together with receptor genes into receptor negative cell 
lines. These studies have shown that there are no general rules for the reaction 
that occurs between TRs and retinoid receptors at the level of the gene. 
Rather, the data suggest that changes in gene expression depend on the 
subtypes of the TR and retinoid receptors present, the structure of the re
sponse element located within the regulatory part of the gene, and the context 
of the gene in terms of cell function. 

It is likely that TRs form dimers with other nuclear factors to mediate 
transcription by T3 (YEN and CHIN 1994) and that the principal dimerising 
partner is the retinoid X receptor, although it is not yet clear whether the RXR 
ligand, 9-cis RA, plays a pivotal role in this process (SUGAWARA et al. 1994a). 
If TRs and RXRs are bound to DNA in the absence of ligand, the most likely 
role of the RXR is to localise and orient the TR at the appropriate position on 
a responsive gene (ZHANG and PFAHL 1993). Addition of T3 may then allow 
removal of a corepressor, receptor phosphorylation (SUGAWARA et al. 1994b) 
and activation of transcription. 

It is tempting to infer that modulation of RXR levels should therefore 
modulate T3 responsiveness. While such a scenario is entirely possible in vitro 
(Hsu et al. 1995), the ubiquitous nature of RXRs makes this phenomenon 
unlikely to be of any practical benefit in vivo. RXRs probably serve a similar 
role in mediating responses to vitamin D, retinoic acid (RA) and the peroxi
some proliferator activators, so that changes in RXR levels may also influence 
responses to these hormones. Even so, this approach may be applicable to 
other factors which are not yet completely defined but which are involved in T3 
responsiveness (LEE et al. 1995) and which may be responsible for some of the 
observed interplay between T3 and RA. 

For example, T3 and RA both increase the expression of growth hormone 
mRNA and their combined effects are additive. In contrast, RA is without 
effect on TRf3z mRNA but completely reverses the inhibitory effect of T3 on 
this gene. Furthermore, RA does not influence, positively or negatively, the 
effect of T3 on TR,B) mRNA (DAVIS and LAZAR 1992). Similarly, T3 has been 
shown to block the ability of RA to induce ornithine amino transferase mRNA 
in rat liver but not kidney (SHULL et al. 1995). Blocking effects have also been 
observed in vitro on the alcohol dehydrogenase gene in Hep G2 cells 
(HARDING and DUESTER 1992), although in HL-60 cells T3 enhanced the ability 
of RA to induce differentiation (MIYOSHI et al. 1994). 

We also found an interrelationship between T3 and RA in Hep G2 cells. 
Using increased secretion of sex-hormone-binding globulin (SHBG) as a re
sponse parameter, we found that T3 induced a doubling of SHBG concentra
tion in Hep G2 cell supernatants. RA was able to reduce the maximal response 
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to T3 without altering the effective half-maximal T3 concentration. It was of 
interest that a different response in the same cell was not influenced by T3. 
Levels of thyroxine-binding globulin (TBG), the secretion of which is reduced 
by T3 (CROWE et al. 1995) in the same cell supernatant, were not affected by 
RA (Fig. 4). 

Other cell culture experiments provide further evidence that RA can 
enhance, inhibit or not change T3 responsiveness (HIGUERET et al. 1992; 
ELFAHIME et al. 1994; GERRELLI et al. 1994; SATYANARAYANA et al. 1994). These 
studies suggest that the interplay between thyroid and retinoid responses 
arises in part because of the overlapping actions of their respective receptors 
but also that the heterogeneous nature of these responses makes the interre
lationship unpredictable for a given gene. A more detailed understanding of 
the control of TR, RAR and RXR isoforms and their associated cofactors in 
all tissue will be required before their modulation can be used to influence 
hormone responsiveness. 

V. Drug Interactions at the Ligand-Binding Site 

The final, and perhaps preferred, option in the development of a T 3 antagonist 
is to design an analogue which binds to the TR-binding site but which does not 
activate transcription. 

The structure of the binding site is not known. On the basis of the competi
tive potencies of a range of analogues to mutant TR/31 receptors derived from 
cases of thyroid hormone resistance, CHENG et al. (1994) have defined the 
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Fig.4. Differential effects of retinoic acid on T3 responsiveness within the one cell line. 
HepG2 cells were incubated for 4 days with a range of concentrations of T3 and retinoic 
acid. Retinoic acid had a significant, dose-responsive downregulating effect on T3-
induced stimulation of SHBG secretion (left panel) but no effect on Tr induced reduc
tion in TBG secretion (right panel). (From CROWE et al. 1996, with permission) 
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binding site for T3 as an eightfold aI f3 barrel with one extra a-helix. The ligand
binding site is adjacent to the DNA-binding domain, which putatively allows 
regulation of the DNA-binding properties of the receptor. Steroid hormone 
receptors which have a similar ligand-binding site (GOLDSTEIN et al. 1993) are 
thought to activate transcription via a co-activator which acts as a communica
tion link between the occupied receptor and the transcription initation com
plex (NORDEEN et al. 1993). Antagonists fail to activate this co-activator and, 
by competition at the ligand-binding site, prevent activation by agonists. 

For thyroid hormone receptors, the communication link is probably a 
corepressor (HORLEIN et al. 1995; CHEN and EVANS 1995) but how ligand 
binding relieves this repression is unknown. Indeed, analogue studies suggest 
that binding alone is sufficient to relieve repression and promote responsive
ness, the response being proportional to the affinity of the ligand for the 
receptor. 

A range of compounds has been shown to interact with the TR. These 
include non-esterified fatty acids (VAN DER KLIS et al. 1991; MAZZACHI et al. 
1992), protease inhibitors (BRTKO et al. 1993) and non-steroidal anti
inflammatory agents (BARLOW et al. 1994). The concentrations required for 
receptor binding are in the pathophysiological range, and in those studies 
where activity has been examined no compound demonstrates agonist or 
antagonist properties with regard to T3 responsiveness. 

The only compound which has ever been reported to have T3 antagonist 
activity is the antiarrhythmic agent amiodarone (NORMAN and LAVIN 1989). 
Amiodarone is an iodinated benzofuran derivative which has a number of 
pharmacological activities suggesting T3 antagonism (see Chap. 10, this vol
ume). These include bradycardia, depression of myocardial oxygen consump
tion and lengthening of the cardiac action potential (MASON 1987). It also 
inhibits conversion of 5'-deiodination of thyroxine but this effect is unrelated 
to its putative antagonist activity (SCHRODER-VAN DER ELsT and VAN DER HEIDE 
1990). In tissue extracts, amiodarone is a weak competitor for solubilised 
nuclear receptors, with a potency 3000-40000 less than that of T3. In cell 
culture experiments it is able to inhibit the Trinduced accumulation of growth 
hormone mRNA in GC cells in parallel with its ligand-displacing activity 
(NORMAN and LAVIN 1989). Both in vivo and in vitro evidence has confirmed 
this finding. Amiodarone antagonises the T3 effect on f3-adrenoreceptors in 
chicken cardiac myocytes (YIN et al. 1994), and reversal of hypothyroidism 
with T3 in rats is prevented by administration of amiodarone (PARADIS et al. 
1991). 

However, the mechanism of the antithyroid effects of amiodarone are 
more complex than competitive displacement of T3 from nuclear receptor 
sites. Recent evidence suggests that amiodarone reduced the mRNAs for 
TRa1, f31 and f3z in cardiomyocytes after a catecholamine stress (DRVOTA et al. 
1995). In addition, in rats treated with amiodarone, the maximum binding 
capacity of cardiac nuclear receptors was reduced (GOTZSCHE and ORSKOV 
1994). These data suggest that amiodarone may act by inducing a state of 



336 J.W. BARLOW et al. 

thyroid hormone resistance by depletion of receptor number. Alternatively, 
in some cell types amiodarone has no effect on receptor binding but 
rather inhibition of T3 occurs with the major metabolite of the drug, 
desethylamiodarone (BAKKER et al. 1994; GOTZSCHE 1993). Curiously, the 
inhibition of T3 binding to purified TRfil by desethylamiodarone is non
competitive (BAKKER et al. 1994), a finding which is consistent with the reduc
tion in receptor number in cardiac cells in vivo and in vitro but at variance with 
the original observation in GC cells. 

Two other factors may limit the use of this drug as a T3 antagonist: limited 
solubility in aqueous media (BARLOW et al. 1994) and cytotoxicity, particularly 
with regard to thyroid cells (CHIOVATO et al. 1994). Amiodarone or one of its 
derivatives will only be useful as an antagonist when we have a thorough 
understanding of the ligand-binding site of the receptor, the mechanisms of 
ligand binding and the transcriptional sequelae that follow ligand-receptor 
interaction. 
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CHAPTER 14 

Immunomodulatory Agents in Autoimmune 
Thyroid Disease 
A.P. WEETMAN 

A. Introduction 
The term autoimmune thyroid disease encompasses several common disor
ders: Hashimoto's thyroiditis, primary myxoedema, Graves' disease and post
partum thyroiditis, as well as the subclinical forms of these disorders. The basis 
for these disorders has been reviewed extensively (WEETMAN and MCGREGOR 
1994); this chapter will concentrate on the effect of immunomodulatory agents, 
beginning in each section with the results from animal models of experimental 
autoimmune thyroiditis (EAT). The close relationship between thyroid-associ
ated ophthalmopathy (TAO) and autoimmune thyroid disease suggests a 
common pathogenesis. This autoimmune eye disorder may be disfiguring and 
a threat to vision. Since developments in immunotherapy are likely to have 
their greatest impact in this condition, because present agents have major side 
effects and a suboptimal effect, immunomodulation in TAO is considered 
separately, at the end of the chapter. 

B. Hormones and Autoimmune Thyroid Disease 
I. Sex Hormones 

A female preponderance is found in susceptibility in several models of EAT 
and in human autoimmune thyroiditis, in which the ratio of women to men is 
around 10: 1. There is good evidence that sex hormones are responsible for 
this effect. Castration or oestrogen increases thyroglobulin (TG) antibody 
levels in male mice immunised with TG plus adjuvant (OKAYASU et al. 1981). 
This effect was reversed by continuous administration of testosterone. EAT 
can also be induced by neonatal thymectomy and sublethal irradiation (Tx -
X) of genetically susceptible strains of rats, and in this model, oestrogen led to 
suppression of both TG antibody levels and the severity of thyroiditis in 
castrated male or female animals; progesterone exacerbated both indices of 
EAT (ANSAR AHMED et al. 1983). Oestrogen may have a dual action, low doses 
enhancing autoimmunity and high levels inhibiting it, particularly in suble
thally irradiated animals. 

A third type of spontaneously developing autoimmune thyroiditis (SAT) 
occurs in certain genetically predisposed animal strains. Thyroiditis in the OS 



344 A.P. WEETMAN 

(obese strain) chicken closely resembles Hashimoto's thyroiditis and results in 
irreversible hypothyroidism. Testosterone administered shortly after birth re
duced the severity of thyroiditis and was associated with changes in thymic 
development and T cell regulation (GAUSE and MARSH 1986). 

There is no direct evidence for a role of sex hormone in human autoim
mune thyroiditis, but the change at puberty from a previously equal sex ratio 
to one of female excess is clearly suggestive. Autoimmune thyroid diseases 
usually become less severe in pregnancy, as shown by a decline in thyroid 
autoantibody levels, and this is succeeded by an exacerbation in the postpar
tum period (in subclinical patients this causes postpartum thyroiditis). Ele
vation of progesterone and oestrogen levels during pregnancy and their 
subsequent fall to subnormal levels may be responsible in part for these 
changes (WILDER 1995). Enhanced production of prolactin may also playa 
role; hyperprolactinaemia has been associated with an increase in thyroid 
autoantibodies (FERRARI et al. 1983). If anything, there is a decrease in thyroid 
autoimmunity with oral contraceptive use (FRANK and RAY 1978). 

II. Glucocorticoids 

Immune responses in general are subject to complex neuroendocrine regula
tion in which the hypothalamo-pituitary-adrenal axis plays a key role. Stress, 
as the result of an array of physical and psychological changes, activates this 
axis and there is increasing evidence that failure to produce adequate endog
enous glucocorticoids exacerbates autoimmunity (REICHLIN 1993). OS chick
ens have a genetically determined elevation in corticosteroid binding globulin, 
decreased free corticosterone and an impaired glucocorticoid response to the 
cytokine interleukin-1 (IL-1), as reviewed extensively elsewhere (WICK et al. 
1993). There is also some evidence for increased resistance of OS thymic 
lymphocytes to apoptosis induced by glucocorticoids (WICK et al. 1994). 

Autoimmune thyroid disease has been observed after excess cortisol pro
duction due to Cushing's syndrome is corrected (T AKASU et al. 1990), indicat
ing that endogenous glucocorticoids are also important in man. High 
concentrations of exogenous glucocorticoid are widely used to suppress immu
nological and inflammatory disorders. They have been used in Graves' disease 
with some success (WERNER and PLATMAN 1965) but the well-known side 
effects of excess glucocorticoids prevent their adoption for the treatment of 
this relatively benign autoimmune condition. The use of steroids in TAO is 
considered below. 

III. Thyroid Hormones 

There is clear evidence that EAT is suppressed by excess thyroid hormones. 
Thyroxine (T4) administration, sufficient to raise serum T4 levels, decreased 
TG antibody levels and reduced the severity of thyroiditis in rats immunised 
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with TG plus adjuvant (HASSMAN et a1. 1985a). These effects were associated 
with thymic and splenic hypertrophy and suppressed lymphocyte proliferation 
after in vitro mitogen stimulation. In SAT in the BB strain of rat, T4 at doses 
sufficient to suppress the level of thyroid stimulating hormone (TSH) also 
reduced the severity of thyroiditis and reduced TG antibody levels (BANOVAC 
et a1. 1988; REINHARDT et a1. 1988). Thyroid hormone receptors are found in 
lymphocytes and thyroid hormones may also modulate immune responses via 
their effects on other hormones (WILDER 1995). 

Besides these generalised immunomodulatory effects of thyroid hor
mones, the severity of EAT may be affected via feedback effects on TSH. The 
level of circulating TG is critical to the development of thyroiditis (although 
not necessarily TG antibodies), and an increase in TG levels, produced 
either by administration of exogenous TG or by TSH to raise endogenous TG 
levels, has been shown to reduce thyroiditis severity (LEWIS et a1. 1987). This 
suppressive effect is transferable and mediated by CD4+ T cells (FULLER et a1. 
1993), although tolerance might also be induced at the B cell level (PARISH 
et a1. 1988). Suppression of TSH by excessive thyroid hormone would there
fore be expected to exacerbate EAT through a decrease in TG levels, but low 
TSH levels may have a number of other beneficial effects, for instance by 
reducing TG below a critical level to drive the autoimmune process or by 
inducing thyrocyte inactivity or "rest", thus reducing the participation of thy
roid cells in a number of immunological interactions in thyroiditis (WEETMAN 
1994). 

Short-term administration of triiodothyronine has no effect on normal 
human lymphocyte function (WEETMAN et a1. 1984a), but sustained 
thyrotoxicosis of any cause is associated with elevated levels of circulating 
soluble IL-2 receptor (KOUKKOU et a1. 1991). A number of other effects have 
been ascribed to excessive thyroid hormones in Graves' disease, particularly 
alterations of circulating lymphocyte subsets (reviewed by VOLPE 1994), but it 
is not clear whether these changes may be the result of the underlying autoim
mune process. Administration of T4 after stopping antithyroid drug treatment 
for Graves' disease has been shown to decrease TSH-receptor antibody levels 
and improve remission rates (HASHIZUME et a1. 1991), which again could be the 
result of thyroid cell rest. However, other studies have not demonstrated such 
an effect (ALEXANDER et a1. 1970; TAMAI et a1. 1995) and the reason for these 
differences is unclear. 

Spontaneous remission of Hashimoto's thyroiditis and primary 
myxoedema has been reported after several years of treatment with thyroxine 
(TAKASU et a1. 1992; COMTOIS et a1. 1995). This outcome seems particularly 
likely in patients with TSH-receptor (TSH-R) blocking antibodies which fall 
during T4 administration. Thyroid peroxidase (TPO) antibodies and the size of 
the goitre also decrease (CHIOVATO et a1. 1986). These observations suggest 
that T4 has a direct or indirect (via reduction in TSH levels) effect on the 
autoimmune process. 
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C. Toxins and Autoimmune Thyroid Disease 
Many compounds have been identified as goitrogens but a role for toxins 
in thyroid autoimmunity is largely unexplored. The best example is the 
Buffalo strain rat, which has a low prevalence of SAT that is increased by 3-
methylcholanthrene (REUBER and GLOVER 1968). This compound is a poly
cyclic aromatic hydrocarbon found in exhaust emissions, cigarette smoke and 
charcoal-broiled food; such hydrocarbons are carcinogenic and have T cell 
immunosuppressive properties (GHONEUM et al. 1987). Subcutaneous or oral 
administration of 3-methylcholanthrene induces an irreversible lymphocytic 
thyroiditis (with weak or absent production of TG antibodies) in up to 80% 
of female and 20% of male rats (GLOVER et al. 1968; SILVERMAN and ROSE 
1975; COHEN and WEETMAN 1987). Only this strain of rat is susceptible to 
thyroiditis after 3-methylcholanthrene, and because neonatal Tx also increases 
the prevalence of thyroiditis, it is possible that the effects are mediated via an 
alteration in the regulation of thyroid-autoreactive T cells. 

Carbon tetrachloride and trypan blue given by injection, and 7,12-
dimethylbenzanthracene given orally, also produce chronic thyroiditis in Buf
falo strain rats (GLOVER and REUBER 1967; REUBER 1969; REUBER and GLOVER 
1969), showing that the autoimmune response to thyroid antigens is readily 
disturbed by a variety of agents in this strain of rat. The immunohistochemical 
features of thyroiditis induced by trypan blue and 3-methylcholanthrene differ 
from SAT, there being more dendritic cells and macrophages but fewer T cells 
in the induced disease (COHEN and WEETMAN 1987). This raises the possibility 
of thyroid toxicity with release of thyroid antigens as an alternative cause for 
the thyroiditis. 

It is unknown whether environmental toxins affect thyroid autoimmunity 
in man, although there is clearly scope for this. For instance, TAO and to a 
lesser extent Graves' disease are associated with smoking (SHINE et al. 1990; 
PRUMMEL and WIERSINGA 1993), conceivably as a result of polycyclic aromatic 
hydrocarbon exposure. 

D. Trace Elements and Autoimmune Thyroiditis 
The role of iodine in thyroid physiology is considered in detail in Chap. 7. 
There is a considerable body of evidence showing that excess iodine intake, 
either in the diet or via drugs (including contrast medium), exacerbates thy
roid autoimmunity. The prevalence of SAT in the OS chicken and in the BB 
and Buffalo strains of rat is increased by additional dietary iodine (ALLEN et 
al. 1986; COHEN and WEETMAN 1988). Indeed, iodine is essential for the devel
opment of SAT in OS chickens (BROWN et al. 1991) and this may be because 
a critical epitope on TG is iodine dependent. In other strains of rat, paradoxi
cally, a low iodine diet may induce signs of thyroid autoimmunity, including an 
increase in intra thyroidal dendritic cells and T cells and the production of 
colloid autoantibodies (Moon et al. 1993). Thus, it seems to be the balance of 
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iodine intake for the individual animal, and probably rapid changes in level, 
which determine effects on thyroid autoimmunity. 

Epidemiological evidence supports an effect of iodine on autoimmune 
thyroiditis in man (WEETMAN and MCGREGOR 1994). Iodine in cough medicines 
produces goitre and half of these patients have thyroid antibodies (HALL et 
al. 1966). Amiodarone contains 75mg iodine per 200mg and has a number 
of important effects on thyroid function (Chap. 10). In one study there 
was enhanced production of thyroid antibodies in patients treated with 
amiodarone (MONTEIRO et al. 1986) but this has not been confirmed subse
quently (WEETMAN et al. 1988; MACHADO et al. 1992). 

Selenium deficiency aggravates the thyroid cell damage produced by the 
sudden introduction of a high dietary dose of iodine in previously iodine
deficient rats (CONTEMPRE et al. 1993). There is also an increase in thyroid cell 
inflammatory infiltrate. Whilst of most interest to the pathogenesis of 
myxoedematous cretinism, it is possible that these effects could also playa role 
in autoimmunity within the gland. 

Lithium is used in the treatment of manic depression and is associated 
with the development of goitre and hypothyroidism in up to 30% of patients 
(Chap. 9). These two complications are mainly the result of adenylate cyclase 
inhibition within the thyroid, but in addition a high prevalence of thyroid 
antibodies has been reported in patients receiving lithium (LAZARUS et al. 
1981). Complex effects on thyroid antibody formation in EAT have been 
reported, depending on the dose and stage of disease at which lithium was 
administered (HASSMAN et al. 1985b). The incidence of Graves' disease may be 
increased by lithium therapy (BARCLAY et al. 1994) and since the biochemical 
action of lithium is to decrease thyroid hormone production, this paradoxical 
side effect is further indirect evidence for an enhancing action of lithium on 
thyroid autoimmune mechanisms. 

E. Drugs and Autoimmune Thyroid Disease 
Apart from lithium and iodine-containing medications, drugs are not thought 
to induce autoimmune thyroid disease in man. A recent report has shown that 
alimemazine, a phenothiazine, induces major histocompatibility complex class 
II molecule expression on murine thyroid follicular cells and allows them to 
serve as antigen presenting cells for TG (TAKORABET et al. 1995). It will be of 
interest to see whether phenothiazine-treated patients have an excess of thy
roid autoimmunity, based on this report. 

The evidence that thionamides have immunomodulatory effects is dis
cussed in detail in Chap. 8, this volume. They cause a reduction in the 
aetiologically important TSH-R antibodies in Graves' disease, and also lessen 
the severity of the thyroidal lymphocytic infiltration (WEETMAN 1995). This 
reduction in antibodies is accompanied by a fall in serum markers of comple
ment activation (Fig. 1). However, non-thyroid autoantibodies, such as those 
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Fig. 1. Serial measures of circulating terminal complement complexes (TeC) in pa
tients with Graves' disease treated for 6 months (from time 0) with carbimazole; TCC 
concentrations provide an indirect measure of the formation of membrane attack 
complexes of complement 

against gastric parietal cells, are not reduced and this is most likely because 
the drugs must be concentrated within the thyroid to achieve their 
immunomodulatory effect. The reduction seen in the production of cytokines 
and reactive oxygen metabolites by thyroid cells when cultured with 
antithyroid drugs may explain the specificity of this effect, as shown in Fig. 2 
(WEETMAN et al. 1992). 

Perchlorate also reduces the level of TSH-R antibodies when given to 
patients with Graves' disease (WENZEL and LENTE 1984). This agent reduces 
thyroid hormone production by inhibiting iodine uptake, which could, in 
addition, interefere with thyroid cell-lymphocyte interactions critical to the 
autoimmune process. Perchlorate reduces mitogen-stimulated immunoglobu
lin synthesis by lymphocytes in vitro (WEETMAN et al. 1984b), thus having a 
similar effect to thionamides. It also diminishes TG antibody synthesis in EAT 
(Fig. 3). 

ANTITHYROID DRUGS 

Thyroid follicular cell 

i 

Sublethal complement 
attack 

+ Release of pro-inflammatory 
molecules 

.j. 

Increased lymphocytic infiltrate 

.j. 
? Other stimuli e.g. cytokines 

Thyroid antibody production 
enhanced 

Fig. 2. Possible role of antithyroid drugs in suppressing the autoimmune response in 
Graves' disease. (From WEETMAN 1995, with permission) 
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Fig. 3. Effect of perchlorate (4mg/rat per day) given in the drinking water of Buffalo 
rats with experimental autoimmune thyroiditis induced by neonatal thymectomy; the 
normal rise in thyroglobulin (Tg) antibodies with time is not seen. NS, not significant 

More conventional immunosuppressive drugs have not been used in thy
roid autoimmunity in man, as their side effects outweigh potential benefits. 
However, a modest effect of the fungal metabolite cyclosporin A has been 
demonstrated in the Tx-X model of EAT in rats (HASSMAN et al. 1985c). There 
was a reduction in thyroiditis severity but disease was not prevented, and long
term administration was required to achieve even this. Cyclosporin A had no 
effect on SAT in OS chickens (WICK et al. 1982), but decreased TG antibody 
formation and the severity of thyroiditis in mice immunised with TG in adju
vant (VLADUTIU 1983). The timing of cyclosporin A administration is critical, 
as treatment early in life exacerbates SAT and EAT, presumably by altering 
the developing T cell repertoire (WICK et al. 1982; SAKAGUCHI and SAKAGUCHI 
1989). 

In view of the dose-dependent nephrotoxicity and hepatotoxicity of 
cyclosporin A, attempts have been made to use low-dose cyclosporin A with 
other immunosuppressive agents. In Tx-induced EAT in Buffalo strain rats, 
low-dose cyclosporin A (1.5mg/kg per day) had no effect but prevented the 
development of thyroiditis when given with subtherapeutic concentrations of 
an IL-2 receptor monoclonal antibody (COHEN et al. 1989). Similarly, 1,25-
dihydroxyvitamin D has weak immunosuppressive properties, insufficient to 
affect EAT, but when given with cyclosporin A (at suboptimal dose) there was 
a significant decrease in the prevalence of thyroiditis in mice immunised with 
TG plus adjuvant (FOURNIER et al. 1990). Cyclosporin A has been used for the 
treatment of TAO but, although there is some improvement in this condition 
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(see below), no consistent change in the course of concurrent Graves' disease 
has been reported. 

FK-506 is a novel macrolide antibiotic with a variety of immunosuppres
sive properties, including inhibition of both CD4+ T cell activation and 
cytokine production. It has been effective in a wide variety of autoimmune 
disorders, including EAT, in which there is a reduction in disease severity and 
TG antibody production (TAMURA et al. 1993). Although not used so far in 
Graves' disease, a beneficial effect on the severity of lymphocytic infiltration 
has been shown by transplanting Graves' thyroid tissue to severe combined 
immunodeficient (SCID) mice and then administering FK-506 (YOSHIKAWA 
et al. 1994). Circulating thyroid antibody and y-interferon (y-IFN) levels also 
declined in these mice. As with cyclosporin A, however, side effects make the 
use of FK-506 unlikely in Graves' disease, even though it seems likely to be 
beneficial. 

If immunomodulation is to be used in autoimmune thyroid disease, stra
tegies must be employed which are innocuous and require only a limited 
period of administration. A number of approaches have been suggested by the 
characterisation of the critical molecules involved in antigen presentation and 
T cell activation (Fig. 4) but these have yet to find a clear place in human 
autoimune disorders (SINHA et al. 1990; WEINER 1994; LINSLEY 1995; KRENSKY 
and CLAYBERGER 1995). Administration of monoclonal antibodies against 
CD4+ but not CD8+T cells reduced the severity of EAT in a murine adoptive 
transfer model (FLYNN et al. 1989). Another broad approach has been the in 
vivo use of monoclonal antibodies against the adhesion molecules LFA-l 
(lymphocyte function associated antigen-I) and its ligand CD54 (ICAM-l). 
Both reduced the severity of EAT induced by rats by immunisation with TG 
and adjuvant, but a lowering of TG antibodies was only found with LFA-l 
antibody treatment (METCALFE et al. 1993). 

These non-specific effects seem unlikely to be refined enough for safe 
usage in human thyroid autoimmunity. Thyroid-specific therapy is possible 
and more appealing. For instance, protection from immunisation-induced 
EAT in mice has been described after administration of a monoclonal anti
body to a T cell receptor from a TG-specific cytotoxic T cell hybridoma 
(TEXIER et al. 1992). Also, modulation of suppressor T cells using appropriate 
concentrations of TG is effective in diminishing EAT (LEWIS et al. 1987). 
More recently, oral tolerance to a variety of autoantigens has been effective in 
experimental autoimmune disease and it has been shown that oral TG reduces 
(but does not abolish) the induction of immunisation-induced EAT in mice 
(GUlMARAES et al. 1995). Both T and B cell responses were affected in a 
specific manner, probably by anergy induction in the T cell compartment. 
However, it is not yet clear whether this approach will be successful after the 
initiation phase of autoimmune thyroiditis. Moreover, the T cell response to 
thyroid autoantigens is heterogeneous by the time disease is clinically appar
ent, in terms of T cell receptor usage, the number of autoantigens involved and 
their epitopes stimulating autoreactivity (WEETMAN and MCGREGOR 1994). 
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Fig. 4. Potential sites for immunomodulatory treatment in the interaction between T 
cells and antigen presenting cells. (From AOORINI et al. 1993, with permission) 

This makes any approach along the lines shown in Fig. 4 difficult to contem
plate at present, although presumably there is restriction early on in disease 
which could be utilised therapeutically if individuals at risk were identified. 

F. Cytokines and Autoimmune Thyroid Disease 
The use of a variety of cytokines in the treatment of malignancies or hepatitis 
has been associated with exacerbation of underlying autoimmune thyroiditis, 
as well as other autoimmune disorders, in genetically predisposed individuals. 
Leucocyte-derived and recombinant a-IFN induce reversible hypothyroidism 
and the appearance of thyroid antibodies is around 20% of patients over a 
period of months (BURMAN et a1. 1986; RONNBLOM et a1. 1991; GISSLINGER et a1. 
1992). Similar effects have been seen with IL-2 or granulocyte-macrophage 
colony stimulating factor (VAN LIES SUM et a1. 1989; HOEK MAN et a1. 1991) but 
y-IFN has no apparent effect (KUNG et a1. 1990). 
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Paradoxically, cytokines have considerable therapeutic potential in au
toimmune disorders (POWRIE and COFFMAN 1993; LIBLAU et al. 1995). This is 
founded on the observation that two broad subclasses of CD4+ ("helper") T 
cells exist. T HI cells mediate delayed type hypersensitivity reactions and se
crete y-IFN, IL-2 and tumour necrosis factor (TNF), whereas TH2 cells provide 
B cells with IL-4 and IL-13, necessary for antibody production. Each subset 
regulates the other by its unique pattern of cytokine secretion. Although an 
oversimplification, especially in man, this concept has been exploited in ex
perimental autoimmune diseases whose pathogenesis is due to a delayed type 
hypersensitivity response. For instance, experimental autoimmune diabetes 
mellitus in rats is inhibited by a T H2-like subset of T cells (FOWELL and MASON 
1993). 

In immunisation-induced EAT, it seems likely that enhanced activation of 
thyroid-specific T H2 cells leads to a novel, granulomatous thyroiditis with high 
levels of TG antibodies (STULL et al. 1992), indicating that the more typical 
lymphocytic infiltrate can be averted by cytokines, albeit at the expense of 
enhanced autoantibody production. On the other hand, blocking y-IFN with a 
monoclonal antibody in murine immunisation-induced EAT reduced both the 
severity of thyroiditis and the level of TG antibodies (TANG et al. 1993). This 
is compatible with the importance of T HI cells in this model and suggests that 
antibody production may be reduced by suppression of both the THI and TH2 
population. 

Besides modulating T cell subsets, cytokines will have a diversity of direct 
and indirect effects in autoimmune thyroid disease which may be amenable to 
treatment, particularly if these effects involve the signalling between lympho
cytes and thyroid cells (WEETMAN 1994). IL-l is a pleiotropic cytokine and has 
divergent effects in EAT, which may depend on the complex interrelation
ships between its immunological, metabolic and endocrine actions. High-dose 
IL-l induces goitre development, severe lymphocytic thyroiditis and hypothy
roidism in the BB rat (WILSON et al. 1990). In contrast, low-dose IL-l reduces 
the incidence of SAT. High-dose IL-l exacerbates murine EAT and lower 
doses interfere with the induction of suppression (NABOZNY and KONG 1992). 
Thus, IL-l antagonists could have a beneficial effect in human autoimmune 
thyroid disease, but could also be harmful depending on the overall effects of 
IL-l in vivo in this setting. IL-I0 is another cytokine which could have immu
notherapeutic potential as IL-I0 reduced the severity of murine EAT by 
enhancing activation-induced apoptosis of T cells (MIGNON-GODEFROY et al. 
1995) but, as with IL-l modulation, such effects could also interfere with 
beneficial immune reponses to microorganisms. 

Considerable work will, therefore, be needed before cytokine modulation 
could be considered in autoimmune thyroid disease, but its application to 
those patients with severe, congestive ophthalmopathy seems likely in the near 
future, as there is a large body evidence for a central role of cytokines (espe
cially y-IFN, TNF and IL-l) in pathogenesis (BAHN and HEUFELDER 1993). In 
this setting, trials of already available monoclonal antibodies against TNF 
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would provide unique insights into the disease process in TAO, as well as a 
novel approach to this serious medical problem. 

G. Immunomodulatory Agents in TAO 
In the majority of patients with TAO, the signs and symptoms are mild to 
moderate and require only reassurance or local measures, while surgery is 
appropriate for residual burnt-out disease, topics which are considered else
where (FELLS 1991). The place of immunomodulatory agents currently is for 
severe TAO, where congestive changes, including optic nerve compression, 
are progressive and debilitating. The aims of treatment are to (1) improve 
visual acuity, (2) correct diplopia, (3) reduce proptosis, (4) improve appear
ance and (5) relieve pain (WIERSINGA 1992). The risk-benefit ratio of current 
treatments has reduced their application to less severe cases of TAO but the 
introduction of safe and relatively specific immunotherapy (e.g. via cytokine 
modulation as discussed above) is eagerly anticipated and would have a more 
extensive application. 

I. Glucocorticoids 

High-dose prednisone has been widely used in congestive ophthalmopathy. 
Around two-thirds of patients respond with improvement but disease recurs if 
steroids are discontinued too soon; at least 6 months treatment is associated 
with an improved outcome (BURCH and W ARTOFSKY 1993). As a result, side 
effects frequently limit steroid use. Intravenous methylprednisolone pulse 
therapy has been advocated by some authors (NAGAYAMA et al. 1987; 
KENDALL-TAYLOR et al. 1988; KOSHIYAMA et al. 1994) but the benefits of this 
over oral prednisone remain unclear. Used alone in pulses, sustained remis
sion is unlikely with methylprednisolone and the outcome when followed by 
oral steroids seems similar to that with high-dose oral prednisone alone. Oth
ers have advocated modest doses of prednisone prophylactically when 
radioiodine is given to Graves' patients with TAO, who are possibly at risk of 
having an exacerbation of their eye disease (BARTALENA et al. 1989). The exact 
importance of this is also uncertain, as the long-term outcome in those patients 
not receiving steroids remains unevaluated, and it is possible that any worsen
ing prevented by steroids could be temporary and reversible. 

II. Other Immunosuppressive Drugs 

Azathioprine has been used in some patients but proved ineffective in a 
controlled trial; the same is true of ciamexone (PERRaS et al. 1990; KAHALY et 
al. 1990). Cyclophosphamide improved diplopia and visual acuity, as well as 
soft tissue changes, in uncontrolled trials (BIGOS et a1.1979), but the toxicity of 
this drug has presumably prevented further trials. Cyclosporin A similarly 
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produced improvement in severe TAO in open trials, but controlled trials 
have shown only a modest effect. During a 12-week treatment period with 
7.5mg cyclosporin Nkg daily, there was a 22% response rate, judged by a 
decrease in extraocular muscle enlargement and proptosis, improved visual 
acuity and a decrease in a scoring system for signs and symptoms (PRUMMEL et 
al. 1989). By contrast, 61 % of patients treated with prednisone showed im
provement. However, five of the nine patients who failed to respond to 
prednisone improved when the two agents were used together. This effective
ness was underlined by a comparison of prednisone versus prednisone plus 
cyclosporin A (5-7.5mglkg per day initially); sustained improvement was seen 
in 60% of the patients treated with prednisone alone, compared to 95% of 
those receiving both drugs (KAHALY et al. 1986). Thus cyclosporin A may be 
useful as a steroid sparing agent, although its nephrotoxic side effects and 
potential to cause lymphomas remain a concern. The lowest effective dose in 
combination treatment has not been established but some patients appear to 
have a benefit with 2mg/kg per day, which may be associated with fewer side 
effects. 

III. Other Treatments 

Plasmapheresis has been tried in TAO, although the rationale for this is rather 
unclear as there is no secure evidence that circulating antibodies or immune 
complexes play a role in pathogenesis, in contrast to myasthenia gravis or 
antiglomerular basement membrane disease (Goodpasture's syndrome), in 
which plasmapheresis has some established benefit. Uncontrolled studies have 
shown an apparent beneficial effect of this procedure. In the most extensive, 
there was a rapid improvement in eight of nine patients, even though seven of 
these had previously had orbital decompression, steroids or azathioprine 
(GLINOER et al. 1986). This improvement preceded the introduction of conven
tional immunosuppressive drugs but sustained improvement was dependent 
on the use of these agents after plasmapheresis. Without controlled trials, the 
exact place of this treatment remains obscure. Any benefit conferred may be 
mechanical (by reducing plasma viscosity and thus improving perfusion of 
orbital tissue) rather than immunological, but this too requires evaluation. 

Intravenous immunoglobulin infusions have been reported to give the 
same response rate in patients with TAO as prednisone in an uncontrolled 
trial (ANTONELLI et al. 1992). This is a very expensive treatment and its exact 
place requires further study. Any beneficial effect may be due to the activity of 
soluble immunomodulatory molecules, such as CD4, CD8 and HLA, in the 
immunoglobulin-preparation, rather than the action of putative anti-idiotypic 
antibodies (BLASCZYK et al. 1993). Uncontrolled studies with the long-acting 
somatostatin analogue, octreotide, have shown a beneficial effect in both TAO 
and pretibial myxoedema, possibly by interfering with local insulin-like 
growth factor-1 synthesis, which could cause the fibroblast activation typical of 
these conditions (CHANG et al. 1992). 
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Finally, radiotherapy, usually given as a ten fractionated doses of 2Gy 
over a 2-week period, appears in uncontrolled trials to give the same response 
rate in TAO as steroids (PETERSEN et al. 1990). Although the long-term side 
effects of this treatment remain unclear, it appears so far to be safe. Radiation 
retinopathy leading to blindness is the most important adverse affect but 
may be the result of miscalculated dosage; diabetes and previous chemo
therapy also increase the risk of this complication and are, therefore, 
contraindications. Combined therapy with intravenous methylprednisone and 
irradiation is superior to methylprednisone alone (BARTALENA et al. 1983), but 
in this trial the benefits of irradiation alone were not assessed. A double-blind 
randomised trial of irradiation versus prednisone showed that these treat
ments were equally effective in moderately severe ophthalmopathy but, pre
dictably, side effects were greater with steroids (PRUMMEL et al. 1993). 
Presumably, irradiation is effective because it destroys the radiosensitive infil
trating lymphocytes in the orbit, thereby ameliorating cytokine release and 
other pathogenic mechanisms. 

The foregoing summary emphasises the difficulties of treating TAO and 
predicting the response of any individual patient is impossible due to the 
complex natural history of this disorder and our incomplete understanding of 
its pathogenesis. Establishing markers for those patients at risk, in whom early 
intervention could prevent progression, has some appeal but there has been 
little success in this direction to date. This is a key area for new developments 
in the field of immunomodulatory agents in thyroid autoimmunity. 
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encoding 53 
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non-thyroidal illness 86, 87, 88, 89, 151 
non-uremic critical illness 87 
noradrenaline 289 
a-noradrenergic pathway 17 

oat cell carcinoma 124 
octreotide 354 
oestrogens 18, 21 

receptor proteins 153 
oleic acid 141 
OPC8212 103 
op'DDD 289, 290 
ophthalmopathy, congestive 352 
opioids 16, 19 
orcinol (5-methylresorcinol) 308 

(table),309 
organochlorines 308 (table) 
osteoporosis 7 
ouabain 82-3 
outer ring deiodination 89, 90-4 
oxytocin 19 

p58-M2 324 
paraventricular nuclei 12, 13 
pentobarbital (rat) 295 
perchlorate 75, 348 
perflurodecanoic acid 103 
peroxisome proliferators 103 
pertechnetate 75 
pheochromocytoma 292 
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carcinoma 301 
desensitisation of cells 46 
FRTL-5 cells 180 
iodine metabolism in 177 (fig.) 
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response elements 155-7 
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