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Figure 3. Postulated role of plasma hormone­
binding proteins, based on liver perfusion experi­
ments employing autoradiography. 13 In A, perfu­
sion with buffer containing labeled T. ( .. ) but no
protein results in virtually complete extraction of
the T. by the first cells contacted at the portal end
of the sinusoid. In B, the presence of thyroid
hormone-binding proteins (0) reduces the extrac­
tion ofT. to 10% and thereby permits the
hormone to be taken up by cells along the sinu­
soid. Similar results have been obtained for T8

(unpublished observations).
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hormone, plasma-to-tissue flux, to­
tal tissue pool size and total-body
disposal rates of T

4
and T

3
are in­

creased in untreated hyper­
thyroidism. The disposal rate con­
stants for T4 and T3 may also be in­
creased in hyperthyroidism as a re­
sult of the hypermetabolic state,
leading to disposal rates that are in­
creased proportionately more than
the plasma free hormone concen­
trations (cf Figures 1 and 2). The
hypothyroid patient exhibits oppo­
site changes in these parameters.

In contrast, primary alterations
in the plasma concentrations of the
binding proteins do not lead to
changes in metabolic status.
Plasma free hormone concentrations
are unaffected, although total T4
and T3 are changed in the direction
expected. In familial dysalbu­
minernic hyperthyroxinemia (FDH),
a condition characterized by a circu­
lating albumin with an abnormally
high affinity for T

4
(but usually not

for T
3
), the plasma total T4 concen­

tration is increased, the free T4 con­
centration is normal (but cannot be
estimated accurately using the T3
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T
4

taken up was not corrected by
intercellular diffusion during a sub­
sequent I-hour perfusion with pro­
tein-free buffer. 13 In contrast, when
the T

4
was perfused in solutions

containing plasma thyroid
hormone-binding proteins, the T4
distributed uniformly among the
cells throughout the hepatic lobule
(Figure 3).

Although albumin could ap­
parently perform this function as
well as the specific plasma thyroid
hormone-binding proteins TBG and
prealbumin, the free T

4
concentra­

tion in a solution of albumin alone,
unlike that in serum, was very sen­
sitive to physiologic fluctuations in
the concentration of free fatty ac­
ids. 13 Thus, albumin's function as a
transporter of free fatty acids and
other organic anions appears to
make it unsuitable as a sole trans­
porter of T

4
• It is noteworthy that,

although instances of individuals
lacking TBG are well-documented,
and these individuals appear to suf­
fer no obvious ill effects, no humans
lacking both TBG and prealbumin
have been described.

Thus, we believe that the pri­
mary function of the specific plasma
thyroid hormone-binding proteins is
to ensure a uniform distribution of
thyroid hormones among all cells of
each tissue while maintaining non­
fluctuating concentrations of free
thyroid hormones in plasma.

In nearly all pathologic conditions
affecting thyroid hormone economy,
alterations appear in more than one
aspect of the system-eg, plasma
hormone binding and cellular T

4
to

T3 conversion may both be im­
paired, often in the same patient.

Thyroid dysfunction. Hyper­
thyroidism typically involves eleva­
tions in total and free plasma T4

and T3 concentrations. As a conse­
quence of the raised circulating free

nuclear level. Oppenheimer and
Schwartz, from their estimates of
free T3 concentrations in cytosol
and nuclei of different tissues of
the intact rat, concluded that
there is a stereospecific, active
transport mechanism for T

3
at the

boundary between cytosol and nu­
cleus, distinct from the one at the
plasma membrane. 18 This implies
still another potential site of regu­
lation of thyroid hormone action.
In contrast to T

3
, few studies have

demonstrated, and many studies
have failed to demonstrate, active
or facilitated transport ofT

4
into

cells.

Function of Plasma
Hormone-Binding Proteins

The physiologic function of plasma
hormone-binding proteins that has
resulted in their strong evolution­
ary conservation has puzzled sci­
entists ever since thyroid
hormone-binding globulin (TBG)
was discovered in 1952.2

-
4 The tra­

ditional explanation that they
serve as reservoirs and buffers for
their hormones does not take into
account the large number of intra­
cellular binding sites that can per­
form these same functions.

We recently postulated that
plasma thyroid hormone-binding
proteins function principally to en­
sure that thyroid hormones dis­
tribute uniformly among the cells
of each tissue. To test this postu­
late, we used autoradiography to
study the distribution of radiola­
beled T

4
within hepatic lobules fol­

lowing its perfusion through the
portal vein in solutions containing
or lacking plasma thyroid hor­
mone-binding proteins. 13 We
found that when T4 was perfused
in the absence of binding proteins,
it was avidly (virtually 100%)
taken up by the first cells it con­
tacted and was thus unavailable to
cells farther along the sinusoid
(Figure 3). Furthermore, this ini­
tial nonuniform distribution of the
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In a recent report, ,. it was concluded that the T. bound to the abnormal albumin of FDH was "more available to tis­
sues" than the T, bound to other plasma proteins. This conclusion was based on the finding that the average T, dis­
posal rate in FDH was 42% greater than in the control group. The authors of this report failed to note, however, that
the mean plasma free T, concentration in their FDH subjects was 40% higher than in their control subjects, thus fully
accounting for their data in accordance with the free hormone hypothesis. It is not clear why there was a 40% differ­
ence in plasma free T, concentration between the FDH and control groups in this study.

resin uptake test) and the total T3
concentration is usually normal.
Hormone flux, tissue pool size and
disposal rate are normal.§

Nonthyroid illness. Altera­
tions in thyroid hormone transport
in nonthyroid illness (NT!) are
more complex and often seem con­
tradictory. Patients with serious
nonthyroid medical or psychiatric
illness and individuals who have
recently undergone major surgery
or suffered severe trauma frequent­
ly show one or more abnormalities
in plasma thyroid hormone concen­
trations. In general, the most com­
mon abnormality is a decreased to­
tal T3, but reduced total T

4
also oc­

curs, particularly in critical illness.
When total T3is decreased, free T3
is also reduced, but not as much as
total T3' and free T4 (by dialysis) is
usually normal but is sometimes
mildly elevated or decreased. (Free
T4 cannot be estimated reliably in
NTI using the T3 resin uptake test.)
On the other hand, a small propor­
tion of NT! cases exhibit elevated
total and free T

4
concentrations.

This tends to occur more often in
certain acute medical disorders (eg,
alcoholic hepatitis) and in up to
15% of admissions to acute psychi­
atric units. In these high-T

4
states,

the plasma total and free T3con­
centrations are nearly always nor­
mal or low, a useful way of ruling
out thyrotoxicosis.

A low total plasma T4 occurs in
from 17% to 80% of seriously ill pa­
tients, depending on the nature
and severity of their disease. 20,21
The pathophysiologic basis for the
low-T4 , 10w-T3syndrome of NTI is
complex. The major binding pro­
tein in plasma, TBG, undoubtedly
plays a role. A decrease in the
circulating TBG concentration has
been demonstrated in some cases,
accounting in part for the low total
T4 and T3' but this alone does not

explain the observed changes. De­
creased affinity of TBG has also
been found, either due to a struc­
tural alteration in TBG (eg, partial
desialyation) or to a circulating
inhibitor. Although several
groups22-25 have presented evi­
dence for an inhibitor ofT4 binding
in the plasma of NTI patients to
explain the low T 4 state (with nor­
mal or high free T4)' these findings
remain controversial.26,27 There is
also evidence from in vitro studies
that the putative inhibitor of T4

binding to plasma proteins in NT!
also inhibits cellular uptake of
T 24,25

4' Still another complicating fac­
tor is that in some critically ill pa­
tients, TSH secretion may be sup­
pressed, at least temporarily, lead­
ing to decreased T4 secretion-ie, a
transient state of central hypo­
thyroidism. This could account for
the low total and free T4 seen in
some cases of severe NT!.

In vivo kinetics of T4 distri­
bution and metabolism have re­
vealed a varied pattern of changes
in NT!. In general, one-way trans­
fer rates into the rapidly exchang­
ing pool (mostly liver) and tissue
pool sizes are diminished.20 How­
ever, these data are difficult to in­
terpret because, since many of the
critically ill patients in these stud­
ies had severe hepatic disease, de­
creased effective hepatic blood flow
(ie, intrahepatic shunting) per se
would impair one-way uptake of
T4' and hepatocellular damage
would diminish T4 content (cellu­
lar binding) in the rapid pool.

(These data are also difficult to
interpret because, even though it
may be possible to calculate
physiologically relevant influx rate
constants from them, there are no
means available to assess physio­
logically relevant effiux rate con­
stants in vivo. The efflux rate con-

stants that can be derived are arti­
ficial, in that they act on hormone
mass or pool size rather than on
concentration. As discussed above
and elsewhere,7 changes in influx
rate constants cannot be evaluated
fully without assessing the cor­
responding efflux rate constants.
Proportionate changes in both
would leave the intracellular
hormone concentration unaffected.)

The in vivo data also indicate
subnormal plasma to tissue trans­
fer rates (one-way) and pool size in
the slow T4 pool, but since much of
the T4 in the slow pool is extra­
cellular (interstitial) and bound to
proteins derived from plasma, these
data do not provide information
about cellular hormone concen­
trations. The in vivo data on T4 and
T3 disposal rates in NT! have been
reviewed by Kaptein. 20 In general,
the disposal rates correlate well
with plasma free hormone concen­
trations in NTI, as they do in other
conditions (Figures 1 and 2).

The available kinetics data on T3
metabolism in NTI indicate low T3
production rates, even in patients
receiving exogenous T

4
.20,21 The

rate of conversion of T4 to T3must
therefore be impaired in these pa­
tients, as is the case for normal
subjects during caloric depriva­
tion. 29,30,46 Information on tissue
concentrations of T3in humans is
sparse, but Reichlin and co-work­
ers, who assayed tissues obtained
post mortem, found lower concen­
trations of T3 in several tissues
from patients who died of prolonged
wasting illness than in tissues from
patients who died suddenly.31 Fur­
thermore, data in animal models of
NTI demonstrate that nuclear T3

receptor capacity and postreceptor
factors regulating thyroid hormone
action are influenced by alterations
in nutritional state and by pathol­
ogic processes. 16,21,32 Clearly, many
questions remain unanswered re­
garding the thyroid-metabolic
status of patients with NT!. Never­
theless, most would agree that un­
less there is evidence of diminished
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glandular secretion of thyroid
hormone (a low free T

4
concentra­

tion and raised serum TSH), treat­
ment with thyroid hormone is not
warranted in patients with NTI.

Drug effects (Table 1). This
aspect has been reviewed else­
where by Kaplan (Thyroid Today,
Vol. IV, No.5, 1981) and in refer­
ences 33 and 34. We will discuss
here only some of the many drugs
that influence thyroid hormone
concentrations, omitting those
that have primary effects on the
circulating concentration of plas­
ma binding proteins. Heparin has
not been included in the Table be­
cause recent evidence indicates
that this drug probably has no ef­
fects on thyroid hormone transport
in vivo. 27

The effects of many drugs can

be predicted from what is known
about their action on thyroid hor­
mone binding and metabolism.
For example, salicylates compe­
titively inhibit the binding of
thyroid hormones to plasma pro­
tein (TBG). A single, large dose of
salicylates acutely raises free T

4

and T3 and, due to the transient
shift of the hormones into cells,
hormone disposal is accelerated
temporarily. Many drugs have
more than one site of action. For
example, glucocorticoids in
pharmacologic doses diminish
plasma TBG concentration, inhibit
T

4
to T

3
conversion and, particu­

larly in hyperthyroid patients,
decrease T4 secretion.

Phenytoin is an example of a
drug with complex effects that are
not completely understood. From

the available data, the effects of
phenytoin can best be explained by
a stimulation of the hepatocellular
metabolism ofT4 , specifically via
deiodination to T3• It has been
suggested that phenytoin may also
act as a weak thyroid hormone ag­
onist at the pituitary leve1. 49,5o (At
therapeutic levels of the drug, inhi­
bition of hormone binding to TBG
is not significant.) The result of
the putative increase in fractional
conversion of T4 to T3 is a di­
minished plasma concentration of
both total and free T4 and a normal
free T3 , the latter responsible for a
eumetabolic state and a normal
levelofTSH. The effects of carba­
mazepine on plasma T4 and T3 are
qualitatively similar to those of
phenytoin and are presumably ex­
plained on the same basis.

Drug

Table 1. Effects of Drugs on Thyroid Hormone Transport

Cellular T
4

Plasma hormone hormone Disposal rate Mechanism

N i Fractional disposal
(iT

4
-T

3
conv.)

i Competes for
plasma binding

TT
4

FT
4

TT3 FT3 T
4

T
3

Phenytoin J, J, N N N N
(& Carbamazepine)

Salicylates: acute N i N i
chronic J, N J, N

Furosemide (acute) N i N i

Phenobarbital N N N N i N
(rapid pool)

Propranolol ilN ilN J, 1 i 1
(rapid pool)

i

Competes for plasma binding

i HeQatic T4 binding
and fractional disp.

PTU (acute)

GIucocorticoids

Amiodarone

Cholecystographic dyes

N

J,

i

fIN

N

lIN

i

ilN

J,

1

Nil

N

1

1

Nil

N

1

J,

1T
4
-T

3
cony.

J,TBG; 1 T
4
-T

3
cony.

J, T
4
-T

3
cony.

J, Hepatic T4 binding

Note: Changes from normal are indicated by i or 1.; no effect by N; insufficient data by -. The data on cellular hormone refer to
tissue pool size, not concentration, and are derived from in vivo tracer studies in humans, as are T

4
disposal rates. Mechanisms

listed are based in part on in vitro studies and data obtained in experimental animals. Data were compiled from reviews 33,34 and
references. 47 ,48

7



Phenobarbital is a clear-cut ex­
ample of a drug with effects that
are limited to intracellular mecha­
nisms of thyroid hormone disposal.
This well-studied agent induces he­
patic enzymes that metabolize vari­
ous substances, including thyroid
hormones. The fractional disposal
ofT4 and, to a lesser extent, ofT

3
, is

increased, but unlike phenytoin,
phenobarbital does not specifically
increase T3 generation from T4, and
the hepatocellular binding sites in­
duced by the drug apparently are
not linked to hormone action. In an
individual with an intact feedback
mechanism, the result is normal
circulating concentrations of free T

4

and free T
3

at a new steady state
with increased rates of T4 disposal
(and secretion).

In contrast, propylthiouracil
(PTU), propranolol and certain
cholecystographic dyes inhibit the
enzymatic conversion ofT4 to T3•

PTU acts by directly inhibiting one
form of the enzyme, an effect that is
distinct from its action on thyroid
hormone biosynthesis. Regarding
the effects of propranolol, a recent
kinetics study has shown the ex­
pected changes in circulating
hormone levels, a rise in tissue T4

pool size and a decrease in total­
body T

3
production from T

4
.47 The

cholecystographic agents cause in­
teresting effects on T4 distribution
and metabolism. Some of these
agents, with different potency,
cause an acute release of hepatic T4

into the blood and in addition in­
hibit the deiodination ofT

4
. Amio­

darone blocks T
4

to T
3

conversion in
vivo and, although some have sug­
gested that this effect is somehow
related to an interference with T4
uptake by cells, an effect on the
deiodinase seems more likely. The
reported instances of amiodarone­
induced thyrotoxicosis and hypothy­
roidism are attributable to the io­
dine contained in this drug, not to
its effect on peripheral T

4
metabo­

lism.
Thus, the drug-induced changes

in thyroid hormone transport are

consistent with the free hormone hy­
pothesis, even in those instances in
which the primary action of the drug
is on cellular mechanisms of metabo­
lism.

Conclusions

Despite uncertainty regarding the
precise mechanism of cellular uptake,
the overwhelming bulk of evidence
supports the view that the extracellu­
lar concentration of free (and not of
protein-bound) T4 and T

3
is a major

determinant of cellular uptake, dis­
posal rate and biologic action of these
hormones. Formal mathematical
modeling allows a clear under­
standing of how plasma free hormone
concentrations and other factors in­
fluence intracellular hormone concen­
trations and disposal rates. The prin­
cipal function of plasma thyroid hor­
mone-binding proteins appears to be
to ensure a uniform distribution of
hormone among all the cells of each
tissue and to maintain a reasonably
nonfluctuating concentration of free
hormone in the plasma. The mecha­
nisms and regulation of active trans­
port of thyroid hormones into and
within cells and the changes in thy­
roid hormone transport and distribu­
tion that occur in nonthyroid illness
remain areas of active investigation.
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