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A quarter-century after Harington elucidated the chem­
ical structure of thyroxine (T4), the second thyroid hor­
mone, 3,5,3'-triiodothyronine (T3), was first identified by
Gross and Pitt-Rivers in 1952. I The possibility that T3 might
be a product of the peripheral monodeiodination of T4 was
considered at that time, but this was not demonstrated un­
equivocally until 1970.2 During the past decade, a fascinat­
ing picture has emerged of a complex pattern of thyroxine
metabolism in extrathyroidal tissues involving specific,
sequential deiodination leading to hormonal activation (T3)
and inactivation (reverse T3, RT3). We have just begun to
uncover the diverse pathophysiologic factors which influ­
ence these metabolic transformations and to understand
their biological significance. This review will summarize the
current state of knowledge concerning the peripheral me­
tabolism of the thyroid hormones in health and disease and
will discuss some clinical implications. Where possible, I
will refer to reviews of the recent literature rather than
attempt to cite all of the primary pUbl ications.

Quantitative Aspects of Thyroid Hormone Metabolism:
In the normal adult on an adequate iodine intake, the

thyroid gland secretes about 78 micrograms (nearly 100
nanomoles) of T4, about 4 micrograms (7 nanomoles) of T3,
and smaller amounts of RT3 every 24 hours. 1.4 Most of the
T4 is metabolized via sequential deiodination in the periph­
ery. Removal of one atom of iodine from the· phenolic ring
of T4 (5'-deiodination) yields T3, whereas removal of an
iodine atom from the nonphenolic ring (5-deiodination)

yields RT3. Both T3 and RT3 are deiodinated further through
a series of intermediates with ultimate production of iodine­
free thyronine. In the average healthy adult about one-third
of the T4 secreted daily is deiodinated to T3 and about 45
per cent undergoes the alternative route of conversion to
RT3.' Of the total T3 produced daily (40 nanomoles), about
83 per cent (33 nanomoles) is produced from T4 in extra­
thyroidal tissues and the remaining 17 per cent is secreted
by the thyroid. (These figures represent averages based on
data from several studies.) It follows that changes in periph­
eral T4 to T3 conversion have a relatively great impact on
circulatory levels of T3. In contrast to euthyroid individuals,
in most patients with hyperthyroidism direct thyroidal se­
cretion is more important as a source of T3. 6

A smaller portion (less than 20 per cent) of T4 is metab­
olized by non-deiodinative pathways: (a) conjugation with
glucuronide or (b) oxidative decarboxylation-deamination
of the alanine side-chain, yield ing the acetic acid derivative,
tetrac. T3 and RT3 also undergo similar reactions, I.e.,
dei'Odination to diiodo- and monoiodothyronines, side­
chain alteration (to triac and reverse-triac), and conjugation
(mainly to the sulfo-derivative in the case of T3).

Cellular Mechanisms of lodothyronine Metabolism:
The organs responsible for much of the metabolism of

T4 are the liver and, to a lesser extent, the kidney. Although
enzyme activity is highest in liver and kidney, all tissues
appear to be able to some degree to deiodinate T4 to T3
and to RT3. 4 Recent studies in rats by Larsen and co­
workers indicate that the pituitary also converts T4 to T3
and that such locally generated T3, rather than T3 derived
from the blood, may be the important mediator in the TSH­
feedback system.?

The reactions by which T4 and its derivatives undergo
various transformations are enzymatically controlled. The
same 5'-deiodinase responsible for T3 production from T4
also acts on RT3 to yield 3,3'-diiodothyronine (3,3'-T2). The
conversion of T4 to RT3 is mediated by a second enzyme
(5-deiodinase) which also deiodinates T3 to 3,3'-T2 (See
Fig. 1). In the case of both deiodinases, full activity is de­
pendent upon available tissue non-protein sulfhydryl com-



pounds, largely reduced glutathione (GSH). It appears that
in some situations the level of GSH in cells plays a regula­
tory role,4.8 while in other conditions the level of the enzyme
itself probably is the limiting factor in setting the rate of
deiodination. 9, I 0
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Figure 1.
Pathways of T4 Deiodination in Normals (upper) and in Patients with
Low-T3 States (lower). The major abnormality is an impairment in
5'-deiodination both of T4 and of reverse T3 (RT3). The conversion of
14 to RT3 and of T3 to 3,3'-T2 (both 5-deiodination reactions) is relatively
unaffected. The size of each circle enclosing T3 and RT3 symbois depicts
the relative change in serum concentration in the typical case.

T4 as a Prohormone:
The biological (hormonal) potency of T3 in nearly all

species tested (including humans) is from three to five
times greater than that of T4. The acetic acid derivates
have only a fraction (10%) of the activity of the original
hormones, and the other partially deiodinated compounds
(RT3, 3,3'-T2, etc) have virtually no activity in vivo, at least
in conventional thyromimetic bioassays (goiter-prevention
and oxygen consumption). The question arises: Does T4
possess any intrinsic activity or is its biological effect solely
due to its conversion to T3? This is difficult to resolve ex­
perimentally, as nearly every responsive tissue and cell-type
converts T4 to T3. Several lines of evidence, albeit indirect,
indicate that T4 does possess some intrinsic hormonal ac­
tivity. I I There is no doubt, however, that the net biological
effectiveness of T4 is considerably augmented by its con­
version to T3, and so T4 is in fact a prohormone. The alter­
native deiodinative pathway, i.e., transformation into RT3,
represents inactivation of T4. Although RT3 has been
shown to have weak activity in some in vitro assay sys­
tems l2 and to inhibit the conversion of T4 to T3 in tissue
homogenates,4 considering the concentrations at which it
occurs in vivo, it probably does not have significant effects
either as an agonist or antagonist.

Pathophysiologic Changes In Thyroid Hormone
Metabolism

Transport of !odothyronines:
Of the three plasma proteins which normally bind T4

and T3, thyronine-binding alpha globulin (TBG) is the most
important. In euthyroid humans this glycoprotein carries
about 70 per cent of the T4 and nearly 50% of the T3 in the
circulation. II TBG has a strong affinity for RT3 but only
weakly binds the diiodo- and monoiodothyronines. 14 The
net result of the binding by all three proteins in plasma is
such that 99.97 per cent of the total T4 and 99.7 per cent
of total T3 is in bound form. The small fraction of each of
these hormones which circulates in the free state (in rapid
equilibrium with the bound form) is the form which is avail­
able for uptake by the cells of the body. The practical im­
portance of the protein-hormone interactions lies in the
effect which primary alterations in TBG levels exert on the
measured serum concentrations of the iodothyronines.
Estrogen administration, for example, increases the amount
of TBG in the blood, causing an increase in concentration
of bound (and, of course, total) T4, T3 and RT3. Conversely,
TBG-deficiency is associated with decreases in the levels
of all of these iodothyronines. (The concentrations of free
T4 and free T3 in individuals with primary increases or
decreases of TBG are usually normal, in accordance with
their euthyroid state.) For purposes of our discussion, it is
important to keep in mind that primary changes in TBG tend
to alter total serum levels of T4, T3 and RT3 all in the same
direction. In contrast, as we shall see, alterations in the
peripheral metabolism of thyroid hormones tend to cause
discordant changes in these parameters.

Fetus and Newborn:
The pattern of T4 metabolism in the normal human

fetus differs from that in post-natal life. In the fetus, 5-de­
iodination is much more active than 5'-deiodination. Thus,
in amniotic fluid from 15 weeks' gestation until near term,
T3 levels are low (less than 25 to 50 ng/dl) and RT3 levels
are relatively high (five times the level in maternal serum).
Close to term, T3 rises somewhat, to about 50 ng/dl, and
RT3 concentrations in amniotic fluid decline, but even in
cord blood, the level of RT3 is about 1.5 times higher than
that in the adult. I !i T4 is secreted by the fetal thyroid in
increasing amounts during the second and third trimesters,
but very little T3 is either secreted or generated from T4.
Within hours following term-birth, serum T3 in the infant's
serum rises abruptly to normal or even supranormal (com­
pared to adult) levels, in part due to a post-delivery surge in
TSH secretion from the infant's pituitary and in part due to
a rapid "turning-on" of T4 5'-deiodination in liver and other
tissues. This post-natal hyperthyroid state is believed to be
important for the normal augmentation of heat production
in the normal newborn, but it is transient. Serum T4 and T3
decline gradually over the first 7-10 days after birth, and
RT3 concentrations begin to fall toward the normal adult
range at about the fifth day. I'

Effects of Age:
Serum T4 and T3 concentrations progressively de­

crease from infancy to puberty; the decrement averages
about 20%. Total and free hormones remain constant in the



healthy adult through at least the seventh decade. Over the
age of 70, serum T3 tends to fall and RT3 to rise, but it is
not clear whether these changes are due to coexistent
chronic illness unrelated to the aging process. 16. I I Al­
though total and free T4 levels do not change significantly
with age, total turnover of T4 and its deiodination rate are
reduced even in apparently healthy elderly individuals, pos­
sibly a consequence of reduced total-body mass of func­
tioning tissue. III

Effects of Diet:
Obese or normal weight individuals undergoing a

complete fast show a 20% decrease in serum T3 at the end
of 24 hours and a 50% decrease by the third day. There is
a reciprocal rise in RT3 concentration. I ') Serum total and
free T4 levels do not change significantly during fasting. In
prolonged starvation (three weeks or more) RT3 levels tend
to return to normal, but the T3 concentration and T3/T4
ratio remain 10W.~ll Refeeding rapidly reverses the changes
in circulating iodothyronine levels. Carbohydrate is the im­
portant dietary factor; as little as 50 g of glucose, but not
fat or protein, as the only food, reverses the fall in T3 and
rise in RT3 which occur in fasting.?1 With a minimum
amount of carbohydrate in the diet, total caloric intake is
also important. 20 Kinetic studies, using radio-labeled T4,
T3 and RT3 as tracers, have revealed the basis for the fast­
ing-induced changes in T3 and RT3. The fraction of T4
converted to T3 is about half normal, whereas the propor­
tion of T4 metabolized to RT3 is normal or even slightly in­
creased."' At the same time, the clearance of RT3 is mark­
edly slowed because of decreased conversion to 3,3'-T2.?4
The serum levels of 3,3'-T2 in fasting individuals and in
patients with other low-T3 states are usually within normal
limits.?') The cellular mechanisms underlying these changes
in iodothyronine metabolism have been studied in animals.
it appears that uptake of T4 by liver cells is reduced,?!> in­
tracellular cofactors (reduced glutathione and other thiols)
are depleted, IJ and the activity of hepatic 5'-deiod inase
enzyme itself is decreased in the starved animal. 9 •

lo It is
not known which of these effects is most important. In any
case, the net result is an impairment in T4 to T3 conversion
and presumably a decrease in the calorigenic effect of thy­
roid hormone.

The opposite alterations are seen during overfeeding,
especially of carbohydrate: Production of T3 is augmented
and that of RT3 is decreased without affecting either the
concentration or the total turnover of T4 (Table 1),21

Effects of Drugs:
There is a growing list of pharmacologic agents which

influence the peripheral metabolism of thyroid hormones.
In the case of most of these drugs, the effects involve an
impairment in 5'-deiodination, which can be recognized in
vivo by a fall in the serum T3/T4 concentration ratio and a
rise in the RT3/T4 ratio. One of the most potent of these
agents is 6-propylthiouracil (PTU). This drug inhibits total
deiodination of T4 (5 and 5'), but its effect on 5'-deiodina­
tion apparently predominates, as circulating RT3/T4 in­
creases.?S While methimazole and PTU both inhibit thyroid
hormone synthesis in the thyroid gland, which is the basis
for their use as antithyroid drugs, methimazole does not
affect peripheral T4 deiodination, at least not in the doses

used clinically.

Pharmacologic doses of glucocorticoids (e.g., dexa­
methasone, 2 mg every 6 hours) cause a rapid (within 24
hr) fall in T3 and a rise in RT3, reflecting a peripheral site
of action, separate from the inhibitory effect of glucocorti­
coids on thyroid gland secretion in Graves' disease.?'! As
in the case of PTU and the other inhibitors of T4 to T3 con­
version, the peripheral effects of glucocorticoids are seen
in euthyroid as well as in hyperthyroid patients. The com­
bined use of dexamethasone, PTU and potassium iodide
(the latter does not affect T4 to T3 conversion) has been
shown to lower serum T3 levels rapidly in patients with
hyperthyroidism." Propranolol, but not necessarily all
other beta-blocking agents, causes only a modest reduction
in serum T3 (about 20%) and no change in T4 in hyper­
thyroid" and in euthyroid SUbjects,'? but this effect on T3
levels does not account for the action of this drug in reliev­
ing some of the manifestations of thyrotoxicosis.

Recent studies have shown that administration of cer­
tain iodinated contrast agents used for oral cholecystog­
raphy causes an acute reduction in T3 and rise in RT3, in
euthyroid individuals, 1 in hypothyroid patients receiving
thyroxine as replacement therapy, and in untreated hyper­
thyroid patients. '4 The most potent agents of this type are
ipodate (Oragrafin ') and iopanoate (Telepaque"). As in the
case of starvation, the mechanism of action appears more
complex than simple inhibition of 5'-deiodinase in liver,
since the rate of uptake of T4 into the liver is reduced as
well as the deiodination of T4. 4 In contrast, PTU has a direct
effect on deiodinase activity in vitro but no effect on uptake
of T4 by the liver.')/;

The effects of phenytoin sodium (Dilantin cR1
) on thyroid

function are complex and still not completely understood.
At therapeutic blood levels, this drug is a weak inhibitor of
binding of T4 and T3 to TBG, but its major effect is on the
peripheral metabolism of T4. There is a modest reduction
(about 20%) in total and free T4 levels, attributable to both
increased hepatic uptake and disposal of T4 via the biliary­
fecal route. ',I, Serum T3 and free T3 concentrations are not
significantly altered in patients on this drug. Thus, the
T3/T4 ratio is increased and the RT3/T4 ratio remains nor­
mal or is slightly decreased. II This pattern is consistent
with an enhanced conversion of T4 to T3, a conclusion
which would explain the apparent eumetabolic state and
normal serum TSH levels of patients receiving Dilantin''''.

Another drug which alters T4 metabolism is phenobar­
bital. In humans, its major effect is to increase hepatic up­
take and binding of T4 and to enhance conjugation and
excretion of the hormone via the biliary-fecal route. 11l

Conversion of T4 to T3 is not specifically influenced by
phenobarbital. Other drugs or toxins (e.g., chlordane, poly­
chlorinated biphenyls) which stimulate proliferation of the
smooth endoplasmic reticulum augment hepatic uptake
and disposal of T4 in a manner similar to the action of
phenobarbital. In contrast, lithium, which has been shown
to cause goiter in certain individuals, inhibits both the se­
cretion of T4 from the thyroid and the clearance of T4 from
the body I') but does not appear to affect the production of
T3 or of RT3 in humans.4o

T4 and T3 Metabolism in Hyper- and Hypothyroidism:
There is an overproduction of T3 in nearly every case



Table 1
Effects of Diet and Nonthyroidal Illness on Thyroid Functional
Parameters

14 FT4 T3 RT3 ISH

Fasting (brief) N N t i 1
Starvation (prolonged) N N 1 N 1
Overfeeding (CHO) N N l' t N

Cirrhosis (decomp.) N(l) N(T) 1 r (N) N

Chronic renal failure N N(I) t N N

Other Nonthyroidal N N(J) t r(N) NIllnesses*

14-total serum thyroxine; FT4-free 14 concentration; 13-lolal serum
triiodothyronine; RT3-serum reverse T3; CHO-carbohydrate; N-normal;
Arrows indicate direction of change from normal in typical case; ( )­
finding encountered less often.

*Including: Febrile illness, advanced malignancy, uncontrolled diabetes
mellitus, acute myocardial infarction, acute trauma, burns, etc. The
incidence of the low-T3 state in all of these conditions ranges from
30 to 60 per cent.

of hyperthyroidism,4 I due primarily to an increased secre­
tion of T3 from the gland.6 The ratio of T3 to T4 in the
thyroid of hyperthyroid patients is higher than normal. 42 In
addition, there is an increase in the overall rate of T4 me­
taboiism 41 and perhaps also in the proportion of T4 con­
verted to T3 in peripheral tissues.4\ Therefore, at least some
of the overproduction of T3 in these patients is derived
from T4. How much of the T3 is secreted from the gland
and how much is produced by peripheral conversion from
T4 varies from case to case, but the available data indicate
that the thyroid is the source of most of the T3 in patients
with hyperthyroidism.

In myxedema, the fractional conversion of T4 to T3
has been reported to be increased by nearly two-fold over
that in euthyroid sUbjects. 44 Furthermore, the proportion of
T4 metabolized to RT3 seems to be decreased in hypothy­
roidism. 4" Thus, it appears that in the hypothyroid patient,
T4 is diverted toward T3 and away from RT3 formation. This
may represent an attempt to maximize the effect of the
small amount of thyroid hormone available. Obviously this
does not fully compensate for the lack of thyroid hormone,
since in most cases of hypothyroidism, the absolute quan­
tity of (endogenous) T4 produced and metabolized is mark­
edly decreased.

Accord ing to the present state of knowledge, we can
list those conditions that are believed to involve an increase
in the fractional rate of T4 to T3 conversion, i.e., the per cent
of T4 converted to T3: Hypothyroidism, hyperthyroidism,
overfeeding of carbohydrate, administration of diphenylll"
hydantoin, and cold exposure. The latter two cases are
based largely on indirect evidence from serum iodothyro­
nine levels. In connection with the effect of cold exposure,
a Japanese group has reported a significant increase in
serum T3 and the T3/T4 ratio during winter months com­
pared to summer in a community of people exposed to wide
seasonal variations in temperature. 46

Systemic Nonthyroidal Illness (NTI):
The serum pattern of a low total and free T3 level and

a normal or slightly elevated total and free T4 is a common
accompaniment of a wide variety of nonthyroidal illnesses

(NTI), including but not limited to febrile states, hepatic
disease (especially decompensated ci rrhosis), renal failure,
recent myocardial infarction, advanced malignant disease,
trauma and burns.\·4 From one-third to one-half of all
acutely ill hospitalized patients exhibit this "low-state" pat­
tern. 47 Reversal of these alterations coincides with recov­
ery from the illness. The lowest levels of serum T3 are found
in decompensated cirrhosis and represent a poor prognos­
tic sign. 41l

The serum RT3 usually is elevated, sometimes as much
as 3 or 4 times normal, in patients with NTI and low T3 lev­
els (Fig. 2). This reciprocal relationship between T3 and
RT3 does not hold true in all cases. In chronic renal failure,
for example, RT3 levels are normal or even decreased in
the face of a low T3. 4 (The kidneys are probably important
in the production of RT3 from T4.) The best-studied exam­
ple of the low-T3 high-RT3 state is hepatic cirrhosis. De­
tailed kinetic studies in such patients have shown T4 to T3
conversion to be decreased to about half normal. 49 The
production of RT3 from T4 is normal or somewhat elevated,
while the 5'-deiodination of RT3 (to 3,3'-T2) is slowed mark­
edly.50 The simplest explanation for these observations is
that a diseased liver is unable to carry out 5'-deiodination
of T4 and RT3. It is not known to what extent impaired entry
of T4 (and RT3) into the hepatic cell from the blood also
may be a factor in producing these alterations in the cir­
rhotic patient. Another unanswered question is whether
malnutrition contributes to these changes in T4 metabolism,
especially in patients with severe illness.
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Figure 2.
Serum T3 and Reverse T3 (RT3) in 15 Patients with Decompensated
Hepatic Disease (alcoholic cirrhosis) and in 14 Cases of Non-hepatic
Nonthyroidal Systemic Illness of Various Types. The closed symbols
depict the values obtained during the acute illness and the open sym­
bols, the recovery or convalescent phase. The normal range is shown as
a rectangular area within the interrupted lines. The serum T4 was normal
and free T4 level was normal or slightly elevated in every case. Note the
tendency toward a reciprocal relationship between T3 and RT3 espe­
cially among the cases of hepatic disease.

Are Patients with the lowm 13 State Hypothyroid?
Since T3 accounts for a major portion of the total meta­

bolic effect of thyroid hormone, one might expect patients



in whom T4 to T3 conversion is impaired to be hypometa­
bolic. The answer to this question is complicated for several
reasons: The block in T3 production may be too transient to
aUow detection of hypometabolism; the manifestations of
the systemic illness (e.g., fever, tachypnea) may mask any
sign of hypothyroidism at the end-organ level; available
objective tests of thyroid-metabolic status (e.g., BMR) are
non-specific and insensitive, and many effects of T3 are
difficult to measure clinically since they vary with the organ
system involved. It is worth noting, nevertheless, that stud­
ies of the metabolic status of patients with the low-T3 state
due to cirrhosis 5 I or chronic renal faHure5'2 have failed to
reveal evidence of hypometabolism in the great majority of
such cases.

The most sensitive and specific indicator of primary
hypothyroidism, defined as a deficiency in the effective
level of thyroid hormone due to thyroidal hypofunction, is
the serum TSH level. Given a norma! hypothalamic-pituitary
system, a small decrease in serum T4 triggers a large rise
in TSH secretion. Most patients with the low-T3 state due
to NTI show no elevation in serum TSH levels, and the in­
crement in TSH following injection of thyrotropin-releasing
hormone (TRH) is usually normal, indicating that the pitui­
tary thyrotrophs do not sense a deficiency in thyroid hor­
mone supply in these cases. This does not prove, however,
that other tissues of the body are adequately supplied with
thyroid hormone. It seems that the pituitary TSH-feedback
system is especially responsive to T4 and less dependent
upon the circulating level of T3; recent work, already cited,
indicates that most of the intra-pituitary nuclear-bound thy­
roid hormone is T3 derived locally from T4. 7 Serum T3 (free
T3) therefore may not reflect the level of T3 in the pituitary.
This is in contrast to other tissues in which most of the
nuclear receptor-bound T3 originates from the general T3
pqol rather than from locally produced T3. In any case, it
has been pointed out that different tissues respond in dif­
ferent ways to thyroid hormone. s1

The best-studied clinical condition in which T4 to T3
conversion is impai red is fasting. Metabolic rate (0 2 con­
sumption or total resting heat production) starts to de­
crease within about a week after the beginning of a total
fast and the rate of urinary nitrogen loss (a measure of tis­
sue protein breakdown) declines. The low-T3 state appears
to playa role here; restoration of serum T3 to pre-fasting
levels by administration of the hormone tends to reverse
these appropriate physiologic responses to fasting. 54 There
are many other adjustments that occur during starvation.
For example, the numqer of T3-receptors in the nuclei of
liver cells decreases,s5 a change that tends to mitigate
the metabolic impact of any T3 available and thereby rein­
force the effect of impaired T3 production. in addition, a
host of other endocrine and metabolic factors come into
play, affecting the final expression of T3 action. For exam­
ple, glucagon, which is increased during fasting, seems to
modify the levels of T3-responsive enzymes by acting at a
point beyond the level of the T3-nuclear receptor. 51 Thus,
alterations in thyroid hormone metabolism appear to be
part of complex, well-coordinated responses to starvation,
all aimed at conservation of important fuels and structural
body components. It seems reasonable to suppose that the
pattern of changes in T4 metabolism observed in patients
with catabolic illness serves a similar function. Viewed in

this way, the question of whether patients with the "low-T3
synd rome" are hypometabolic is too simplistic. Regarding
the need for treating such patients, it seems ill-advised to
recommend replacement therapy with any form of thyroid
hormone unless, of cou rse, there is specific evidence of
primary thyroid failure (low free T4 concentration and ele­
vated serum TSH).

Diagnosis of Thyroid Dysfunction in Patients With NT!:
The aforementioned alterations in serum iodothyro­

nines associated with NTI can lead to difficulties in diag­
nosis whenever coexisting hypothyroidism or thyrotoxicosis
is suspected. The serum T3 concentration (total or free) is
obviously of no value in ruling out hypothyroidism in such
patients; the serum T4 and especially the free T4 concen­
trations are more useflJl. On the other hand, in order to ex­
clude thyrotoxicosis, the serum T3 and free T3 (or an index
thereof) are more reliable than the T4 or free T4, which may
be elevated in euthyroid patients with nonthyroidal illness. fJ6
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