


iodinating species is not known. Concomitantly, thyroglob-
ulin (Tg) is synthesized within the thyroid celi, and certain
tyrosine residues of this molecule are the substrate for the
jodinating species. Thyrogiobulin is a large glycoprotein
(660,000 molecular weight, sedimentation coefficient 193)
and represents the great bulk of the intrathyroidal protein.
It is apparently formed as 330,000 molecular weight mono-
mers that are tightly but noncovalently linked in a dimer.
Because of the special conformation of the protein, only
about 25% of the tyrosine residues of Tg are available for
iodination. Thyroglobulin is synthesized in the rough endo-
plasmic reticulum and is transported into the Golgi
apparatus, where glycosylation occurs. It is at this point that
the molecule is iodinated. lodination is thought to occur at
the apical celi membrane immediately adjacent to the iumen
of the follicle. As increased amounts of oxidized iodine are
made available, there is a progressive increase first in
monoiodotyrosine (MIT) followed by the appearance of
ditodotyrosine (DIT) in this highly specialized protein.
immediately following the iodination of the tyrosine
residues, “coupling” of either two DIT ¢r one MIT and one
DIT residues occurs, giving rise to T, and T; in the Tg
molecule. The precise details of the coupling process are
also not clearly understood. Thyroid peroxidase, however, is
known to stimulate this reaction, evenin previously iodinated
Tg. More recent studies have suggested that various
orthohalogenated phenols, inciuding MIT and DIT, markedly
stimulate the peroxidase-catalyzed coupling reaction and
appear to favor the formation of T; over that of T,3 This may
have important clinical implications in patients with Graves’
disease, as will be discussed later.

The recent development of specific radioimmunoassays
has allowed measurement of the number of residues of T, and
Ts in human Tg without the necessity for tracer techniques.
These studies suggest that in normally iodinated Tg, con-
taining approximately 26 atoms of iodine per molecule, there
are three to four residues of T,. Only one in every five Tg
molecules contains a Ty residue4 Therefore, the molar ratio of
T, to Ty in human Tg is approximately 15:1. With molecular
weights of 777 and 851, respectively, for T, and T, it is appar-
ent that thyroid hormones constitute less than 1% of the Tg
molecule.

Either during or after iodination and coupling, Tg is
transported to the colloid, where it mixes with previously
formed Tg. Under the influence of thyroid-stimulating hor-
mone (TSH), which stimulates virtually all steps in thyroid
synthesis, the apical portion of the thyroid cell develops
pseudopods and these engulf portions of the colloid. The
colloid droplet, asitisthen called, combines with a lysosomal
particle and the process of Tg proteolysis begins. During
proteolytic digestion, the phagolysosome traverses the cell
toward the capillary basement membrane, and T; and T, are
released into the plasma. Recent studies by Laurbergs have
suggested that there may be deiodination of T, to T; during
the secretory process, and thus the T,/T; ratio of secreted
iodothyronines may be slightly lower than the 15:1 ratio
observed in mature Tg in the colloid. As is apparent from the

earlier discussion, less than half (about 40%) of the intra-
thyroidal organic iodine is contained in T; and Ty; the re-
mainder is MIT and DIT. To conserve this iodine for reuse by
the cell, an iodotyrosine deiodinase is present that results in
the release of iodine from MIT and DIT. This iodine reenters
the cellular iodide pool and is subsequently reoxidized. This
so-called intrathyroidal recycling of iodine is a critically
important process in the conservation of the halogen, as will
become apparent below.

Congenital Derangements in Intrathyroidal Metabolism

A clinical example of a deficiency of virtually every one of
the numbered steps in Fig. 1 has been found in patients with
congenital goiters. Such patients presumably lack a specific
enzyme (or enzymes) or have enzymes of abnormal structure
that do not function properly in the synthetic process. The
subject of congenital goiters has been carefully reviewed?
and the biochemical details and hereditary patterns of the
individuals with these abnormalities are beyond the scope of
this presentation. The well-characterized defects are
presented in Table 1in summary form. Patients generally are
infants or children with goiters and signs and symptoms of
hypothyroidism. The serum T, and sometimes the serum T,
concentrations are low, and the serum TSH level elevated.
Under certain circumstances, other abnormalities are pres-
ent, such as deaf-mutisim in Pendred’s syndrome. These are
probably inherited together with the defect in thyroid hor-
mone synthesis. With the advent of routine screening for
congenital hypothyroidism, some of these patients are for-
tunately being recognized before clinical symptoms appear.
Congenital abnormalities in intrathyroidal metabolism as-
sociated with goitrous hypothyroidism appear to account for
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Figure 1.
Sequence of steps in intrathyroidal iodine metabolism lead-
ing to secretion of thyroxine (T,) and triiodothyronine (Ts).




Table 1

Types of Biochemical Defects Identified in Patients With
Inherited Abnormalities in Thyroid Hormone Biosynthesis

1. *lodide transport defect

2. Diminished thyroid peroxidase function

a. Reduced or absent enzyme

b. Abnormal enzyme

c. Diminished peroxide generation
Disordered thyroglobulin synthesis
Anatomic abnormality in peroxidase function
Disordered iodotyrosine function

Disordered protease function

Disordered iodotyrosine deiodination

No ok w

*Numbers keyed to those in Fig. 1.
Modified from DeGroot and Niepomniszcze!

only about 5% of hypothyroid patients identified in the New
England Regional Screening Program;8 a similar percentage
has been found in Quebec province?

The appropriate diagnostic evaluation of the patient with
apparent congenital goitrous hypothyroidism is to attempt to
define by clinical methods, if possible, the nature of the
defect in thyroid hormone synthesis; to determine if other
members of the family are affected; to counsel the parents
regarding the risk of future progeny being affected; and, of
course, to treat with adequate replacement doses of thyroid
hormone as soon as possibie. In infants, time-consuming
tests to identify the type of thyroid hormone synthetic defect
should generally be postponed to allow immediate treatment
so as to prevent or ameliorate the potential mental
retardation that so frequently results from congenital
hypothyroidism. Treatment of these patients with thyroid
hormone will generally resultin a marked decrease in the size
of the goiter if it is not long-standing, and will also eventually
suppress TSH into the normal range. In the rare patient with
deficiency in the iodine trap (step 1 in Fig. 1), satisfactory
treatment can be obtained merely by administration of large
amounts of inorganic iodide per day (five drops of saturated
solution of potassium iodide).

Acguired Defects In Thyroid Hormone Synthesis

Benign and Malignani Thyroid Tumors: Apparent en-
zymatic deficiencies in the synthesis of thyroid hormones
have been observed in certain benign and malignant tumors
of the thyroid gland. DeGroot8 and subsequently Field et al®
observed that “cold” thyroid nodules, whether benign or
malignant, often are unable totrap iodidein vitro. The benign
“cold” thyroid nodule, however, is normally responsive in
vitro to TSH in virtually all other respects?® This explains why
these thyroid nodules are generally “coid” by radioisotopic
imaging techniques. The general impression that such
tumors are “nonfunctioning” because of their imaging char-
acteristics must be interpreted in this context. Biochemically,
as well as microscopically, the follicular adenoma is guite
similar to surrounding thyroid tissue with the exception of

the trapping function. Such patients may therefore benefit
from suppression of TSH, which stimulates the other inter-
mediary cell processes, very likely including cell division. in
more recent studies, Field et al1® have further demonstrated
that despite the less consistent biochemical responsiveness
of thyroid carcinomas toc TSH in vitro, all carcinomas tested
were found to have specific TSH receptors.

From these considerations, one would anticipate that if
a benign tumor were able to concentrate iodine, it might weli
be hyperfunctioning and cause hyperthyroidism. In some
functioning thyroid noduies that have been studied in vivo,
this is certainly the case. Functioning thyroid adenomas,
despite their autonomy, can respond to TSH both in vivo and
in vitro® However, in one such tumor, a defect thought to be
similar to a coupling defect in the congenitally goitrous pa-
tient was identified!! Nodules of this type, which trap iodine
but cannot couple iodotyrosines, would present as function-
ing thyroid nodules not associated with hyperthyroidism or
suppression of pituitary TSH. One would predict that the
whole spectrum of defects in thyroid hormone synthesis
could be seeninvarious thyroid tumors; their study has been,
and will continue to be, a fruitful area for investigation of the
biochemical synthetic processes in human thyroid tissue.

Nontoxic Nodular Goiter: As mentioned at the outset of
this discussion, nontoxic goiter is one of the commonest dis-
eases in the United States. Data from a carefully evaluated
population in Framingham, Massachusetts, indicated that
about 4% of women and 1.6% of men had thyroid glands con-
taining one or more nodules’2 Since the presence of a multi-
nodular goiter suggests that there has been increased TSH
stimulation, some form of abnormality in thyroid hormone
synthesis is thought to be the explanation for the majority of
this benign thyroid eniargement. In areas of iodine defi-
ciency or where the drinking water or foodstuffs contain
inhibitors of thyroid hormone formation, there are obvious
environmental causes for this problem. The observation that
thyroid enlargement in schoolchildren was reduced from
roughly 21% to 2% by the simple administration of iodide in
the early studies of Marine and Kimball®3 testified to the
importance of inadequate dietary amounts of this element in
goitrogenesis. At present, there is no etiological explanation
for multinodular goiter in the remaining 3% to 4% of the
population. Presumably, any of the defects listed in Table 1
could be present in such glands ata level that, whiie not lead-
ing to overt hypothyroidism, could require increased TSH
secretion. In a few studies, deficiency of peroxidase has been
identified in nonfunctioning nodules of patients with multi-
nodular goiter! and a deficiency of iodide trapping has also
been found in nonfunctioning nodules from some patients?

One clinically important point of investigations directed
at identifying a potential cause of multinodular goiter is de-
rived from work by Vagenakis et all)4 These investigators,
postulating that an impaired trapping or organification pro-
cess might be a cause of multinodular goiter, gave iodide to
eight patients with nontoxic nodular goiter and no history of
hyperthyroidism. Of this initial group of eight, four patients
became thyrotoxic. Several of these required definitive



therapy, since the disease did not disappear when iodine
administration was discontinued. This experience is remi-
niscent of the thyrotoxicosis sometimes seen following insti-
tution of iodine prophylaxis in endemic goiter areas that is
conventionally termed “Jod-Basedow’s disease” The experi-
ence suggests that iodine is handled abnormally by these
glands and that excessive iodine intake should be avoided in
patients with multinodular goiters.

Graves’ Disease: Certain abnormalities in the hyper-
stimulated thyroid of Graves’ disease resemble the stimula-
tory effects of TSH on the thyroid. Recent studies of Tg from
patients who have had surgery without receiving antithyroid
drugs other than propranolol have indicated that Tg iodina-
tion and the ratio of T, to Tg is normal. The T;/Tg ratio, how-
ever, was about twice normal, with a consequent reductionin
the T,/T5 ratio from 15:1 to about 9:14 This is shown in Fig. 2,
in which the T,/Tg ratio is plotted as a function of Tg iodine.
The data demonstrate that patients with untreated (or
treated) Graves’ disease have a higher T,/Tg molar ratioatal!
levels of Tg iodine content. The explanation of this abnor-
mality is not yet known, but therecent observations of Taurog
and Nakashima3 that DIT preferentially stimulates formation
of T3 in in vitro systems suggests the possibility that the high
ievels of DIT present in the rapidly recycling thyroid of the
patient with Graves' disease could stimulate coupling toform
higher quantities of T;. Under normal circumstances, the
T,/T, ratio in Tg is a reflection of the degree of Tg iodination.
Graves' disease appears to represent an exception to this
rule, suggesting that there may be other factors that can in-
fluence T; and T, formation. Whatever the process, these
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observations provide an explanation for the common clinical
observation that the serum T; concentration is nearly always
more elevated than the serum T, level in patients with hyper-
thyroidism due to Graves' disease!® This discrepancy may
even extend to the situation where the serum T, concentra-
tion is norma! and only the serum T; level is elevated, the
condition known as “T; thyrotoxicosis”

The institution of antithyroid drug treatment in the pa-
tient with Graves’ disease initiates another series of abnor-
malities in intrathyroidal hormone metabolism that are of
clinical interest. Thethiourea compounds have been thought
to interfere with both the organification of iodine and iodo-
tyrosine coupling (steps 4 and 5 in Fig. 1). To evaluate the
effects of antithyroid drugs in patients with Graves’ disease,
we evaluated the quantities of thyroidal T; and T, in patients
who had been treated with antithyroid drugs priortc surgery.
The data from these subjects are summarized in Table 216
The patients with Graves’ disease were divided into two
groups on the basis of preoperative levels of serum T,. Those
with normal or elevated serum T, concentrations comprised
group 1, and those with serum T, concentrations of less than
3 ug/dl constituted group 2. It is apparent from comparison
of the normal and group 1 data that therapeutically appro-
priate amounts of antithyroid drug cause a significant deple-
tion in thyroidal iodine. The percentage of iodine as T,
hewever, is not reduced under these circumstances. Whereas
thyroidal T, was less than 50% of that in normal subjects,
thyroidal T; concentrations were not different, so that the
ratio of T, to T; was approximately one-half that found innor-
mal subjects. The fact that the percentage of iodine as T, is
not reduced by antithyroid therapy indicates that there is no
blockade of coupling by therapeuticaily appropriate
amounts of these agents. Had such blockage occurred, the

Table 2

Thyroidal Content of lodine, Thyroxine (T,),
and Triiodothyronine (T;) in Patients With
Thiourea-Treated Graves’ Disease

127], T, Tul/4, Ta, T/ Ty
ug/gm  upg/gm % #g/gm  Molar Ratio
Group 1 (N=8)"
Mean 320 115 26 22 5.9
SE 50 9 2 4 1.0
Group 2 (N=3)"
Mean 100 9 5 1.3 5.8
SE 30 4 2 0.3 1.4

Normal (N=11)
Mean 530 254 26 21 11
SE 60 39 3 3 1

Figure 2.

Triiodothyronine/thyrogtobulin (Ts/Tg) ratios in Tg from
patients with treated or untreated Graves’ disease (from
Izumi and Larsen4).

*Group 1 includes patients with serum T, levels of 3.7 to 17
xg/dl at the time of surgery; group 2, patients with serum T,
levels of 0.5, 1.2, and 2.2 ug/di at the time of surgery.

Modified from Larsen



fraction of thyroidal iodine as T, would have been reduced
below the normal level of 26%. The data from group 1 there-
fore suggest that the major effect of antithyroid drugs is to
block organification, with a resultant decrease in iodination
of Tgand a proportional decrease in T, formation. The group
2 patients with subnormai serum T, concentrations at the
time of surgery had a mean thyroidal iodine concentration of
less than 100 ug/gm. Since T, iodine was only 5% of the total
glandutar iodine, coupling appears to be impaired. Although
this could be due to the antithyroid drugs per se, it appears
more likely that the defect reflects the poor coupling effi-
ciency characteristic of severely icdine-deficient Tg. Inter-
estingly, the T,/T; ratic in the severely deficient glands was
not different from the ratio in the group 1 tissues. We con-
cluded from these studies that the major therapeutic mech-
anism of the antithyroid drugs was inhibition of iodine
organification.

These resuits provide an explanation for the fact that
during chronic treatment of patients with Graves’ disease
with antithyroid drugs, the serum T, concentration is often
low or fow-normal whereas the patient may be euthyroid or
still have mild clinical symptoms of hyperthyroidism. in these
cases, the serum T; concentration will often be found to be
normal or even elevated, indicating that there may be a dis-
crepancy between an estimate of thyroid status from serum
T, and serum T, concentrations in the same patient. This is
presumably a reflection of the increased T,/T, ratio of the
thyroidal iodothyronines. Furthermore, when antithyroid
drug therapy is discontinued, the serum T; level often
becomes supranormal prior to the time that the serum T,
concentration is increased in patients who relapsel” This is
presumably another reflection of the tendency for direct
secretion of T; in hyperthyroidism. From a practical point of
view, therefore, it is desirabie to measure both serum T, and
T; levels during the follow-up of patients receiving
antithyroid drugs. When antithyroid drug therapy is
discontinued, a relapse may be apparent earlier if the
concentration of serum T3, as well as that of T,, is evaluated.

Endemic Goiter: The changes that occur in animals or
man when deprived of iodine have been well described. As
expected from studies of iodine-deficient rats, in which
serum T; concentrations remained normal while serum T,
concentrations decreased, the serum T, concentrations in
endemic goiter areas are generaliy modestly reduced, serum
T; concentrations are normal or siightly elevated, and serum
TSH level is raised. Such individuals appear to be clinically
euthyroid, which is somewhat paradoxical in view of their
elevated TSH concentrations. The explanation for this ap-
pears to lie in recent studies suggesting that the pituitary,
through its capacity to convert Ty to T, can monitor plasma
T, as well as plasma T; concentrations!® Thyrotropin secre-
tion can therefore remain elevated in the presence of normal
quantities of serum T;. The increase in the ratio of Toto T, in
the Tg of the iodine-deficient thyroid is a combination of the
effect of iodine deficiency per se, which leads to an increased
MIT/DIT ratio in Tg, and an increase in serum TSH concen-
tration, which has similar effects. These changes resultin a

situation where the predominant source of T; in the body is
direct thyroidal secretion as opposed io peripherai T,-5'-
monodeiodination, which normaily provides about 80% of
this hormone. This adaptive mechanism for the more effi-
cient use of iodine can only occur at the expense of substan-
tia! goiter formation and considerable elevation in TSH level.
Treatment of the patient with iodine {or T,) interrupts the
cycle, leading to a decrease in TSH secretion and regression
of goiter.

Hashimoto’s Thyroiditis: In Hashimoto’s thyroiditis,
defects in thyroid hormone synthesis have been observed
by many authors. The now infrequently used perchicrate
(KCIQ,) discharge test took advantage of the fact that an
abnormally large porticn of the iodine in the thyroid of the
patient with Hashimoto’s disease was in the inorganic form
(")} and couid be discharged from the gland by KCIO,~ in a
manner similar to that in patients with congenital defects in
organification. Perchlcrate competes with I~ for the trapping
mechanism. The etiology of this organification defect in
Hashimoto’s disease is unknown, although some studies have
suggested that peroxidase is deficient! in addition, there may
be other abnormalities since, in many patients in the early
phases of Hashimoto’s disease, impaired thyroid hormone
synthesis is associated with an elevated 24-hour iodine up-
take. This suggests the possibility that a defect in coupling
may also be present as a part of the disordered iodine meta-
bolism in this disease. As in icdine deficiency, the end result
of this abnormality may be a preservation of serum T, con-
centration in the normal range while serum T, concentration
falls to low-normal or even reduced levels. We observed that
approximately 25% of patients with primary hypothyroidism
had serum T, concentrations in the normal range, despite
the fact that the serum TSH level was elevated!® Patients of
this type are often clinically euthyroid or have symptoms that
are so nonspecific that they cannot be said to be clearly
hypothyroid. The above-mentioned hypothesis that the pitui-
tary, but not the peripheral tissues, is sensitive to serum T,
concentrations, can also explain this phenomenonl!® The
abnormalities in thyroid hormone synthesis in Hashimecto's
disease make measurements of serum T, and TSH concen-
trations superior diagnostically to measurement of serum T,
level in detecting patients with early thyroid dysfunction. As
with other defects in thyroid hormone synthesis, thyroid
hormone treatment will decrease TSH to normal levels.

Congenital Hypothyroidism

In recent years, regional programs have been developed
to screen newborn infants for congenital hypothyroidism.
At least one in 4,000 infants in North America would appear
to suffer from this disease. The thyroidal abriormality is
usually dysgenesis or agenesis of the thyroid rather than a
congenital enzymatic defect in thyroid hormone synthesis.
A most striking phenomenon, however, is the observation
that many of these infants are clinically asymptomatic at the
time the condition is identified by the screening tests. Analy-
sis of serum Ty, T3, and TSH ceoncentrations has shown that
serum T, concentrations are generally within normal limits



in those infants with no clinical signs, whereas they are low
in infants who do have clinical signs of hypothyroidism?20
This is true despite the fact that serum T, concentrations,
while low, are generally not discriminatory with respect to
thyroid status, and serum TSH concentrations are eievated
in all subjects. An analogy can be made between this circum-
stance and the aiterations inintrathyroidal metabolism found
in severe iodine deficiency. Serum T; is maintained ata con-
stant level at the expense of considerable elevation in TSH
concentration and rapid turnover of intrathyroidal iodine. it
is presumably the lack of pituitary T; derived from plasma T,
that causes the elevated TSH secretionintheseinfants. Their
prognosis for normal mental development may well depend
on the successful maintenance of serum T; at normal levels
by alterations in intrathyroidal iodine metabolism in the dys-
genetic thyroid.

Conclusions

From these considerations, it is apparent that there are
some congenital, but even more acquired, defects in thyroid
hormone synthesis that have important clinical implications.
Most of the abnormalities in thyroid hormone concentrations
measured in the serum of patients with thyroid diseases can
be understood in light of the changes that have occurred in
intrathyroidal iodine metabolism. in the case of many of
these abnormalities, further basic studies must be performed
to provide a molecular explanation for these phenomena.

To prescribe any drug mentioned in
this article, the readers should consuit
full prescribing information.
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