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Figure 1

Schematic representation of current concepts of action of
thyroid hormone in celis.

association with a cytoplasmic form of the receptor. The
receptor appears to be a chromatin-associated protein with
an estimated molecular weight of 55,000 daltons that has a
slightly asymetrical structure and has been shown to have a
high affinity for double-stranded DNAZ24.25 The precise
component in chromatin to which the receptor associates,
however, has not been clearly defined. The detailed
mechanisms by which the interaction of thyroid hormone
with its receptor initiates cellular responses have not yet been
clarified. In two mammalian systems (the induction ¢f growth
hormone in rat pituitary cells and the induction of ay,
globulin, a hepatic protein, in the rat), increased production
of specific proteins appears to result from a thyroid
hormone-stimulated increase in the accumulation of specific
messenger RNA moiecules directing the synthesis of these
proteins26-29 Therefore, we presume that the thyroid
hormone-nuclear receptor complex either controls the
transcription of the genes for these proteins or modifies the
processing of the gene transcript by some type of
posttranscriptional control in the nucleus to increase the
accumulation of specific messenger RNA.

Although the nuclear receptor appears to be present at
relatively constant levels for individual tissues (approxi-
mately 5,000 to 15,000 receptor-binding sites per celi
nucleus), the ievel of receptor reflects a dynamic steady state
that depends on the turnover and synthesis of receptor.
Inhibition of protein synthesis results in a reduction in
nuclear-associated receptor, with an initial half-life of
disappearance of approximately three hours3? in GH, cell
cultures, thyroid hormone appears to reduce the level of its
receptor to approximately 50% of the value observed in the

absence of thyroid hormone!5.16 The initial rates of receptor
disappearance appear to be a direct linear function of the
occupancy of the receptor by thyroid hormone, suggesting
that in some way the association of thyroid hormone with
receptor can act to modulate nuclear receptor levelsl!s
Thyroid hormone-specific modulation of receptor levels has
been reported not to occur in the liver in vivol' However, in
the rat, thyroid hormone nuclear receptor levels appear to
also reflect steady-state levels since a rapid reduction in
receptor occurs after inhibition of protein synthesis3! partial
hepatectomy32 starvation32-34 or the administration of
pharmacologic concentrations of glucagon3s

It appears, therefore, that a number of nutritional,
pharmacologic, or physiologic factors may interact to
modulate the level of the thyroid hormone nuclear receptorin
different cell types and potentially to influence the tissue
response to thyroid hormone. Further studies to clarify these
factors are under way in a number of laboratories.

Regulation of Specific Thyroid Hormone Cellular Responses
The localization of a biologically relevant cellular re-
ceptor to the cell nucleus strongly indicates that thyroid hor-
mone-regulated cellular responses are likely mediated by
regulation of specific messenger RNA molecules that control
the synthesis of specific ceilular proteins. Prior to the identifi-
cation of thyroid hormone nuclear receptors, this was sug-
gested by the studies of Tata?¢ which indicated that the stimu-
lation of oxygen consumption by thyroid hormone was de-
pendent on RNA and protein synthesis3¢ As indicated above,
thyroid hormone regulates the synthesis of growth hormone
in the pituitary somatroph?26-28 and a,,-giobulin in rat liver2®
by mediating the accumulation of the messenger RNA mole-
cules directing the synthesis of these proteins. in addition,
thyroid hormone stimulates an increase in the cytosolic rat
liver malic enzymed” and the mitochondrial enzyme a-
glycerophosphate dehydrogenase?” The induction of these
two enzymes requires both RNA and protein synthesis by the
cell38, 39 The a-glycerophosphate dehydrogenase associated
with mitochondria appears to be synthesized by protein syn-
thetic machinery outside the mitochondria and only subse-
guently incorporated into the mitochondrial membrane.
Although the precise contributions of growth hormone,
malic enzyme, a-glycerophosphate dehydrogenase, and a,-
giobulin to the overall cellular response elicited by thyroid
hormone is not known, the regulation of these proteins have
been utilized as model systems to study thyroid hormone ac-
tion in tissues. Basic to these thyroid hormone-regulated re-
sponses are the prerequisites of RNA and protein synthesis,
requirements that are compatible with a cell nuclear-mediat-
ed mechanism rather than a direct interaction of thyroid hor-
mone with the enzyme protein to increase enzyme activity.
One of the predominant cellular responses controlled by
the thyroid hormones is the regulation of calorigenesis and
oxygen consumption. Ismail-Beigi and Edelman and their
co-workers4,40,41 have presented evidence that the calori-
genic response to thyroid hormone occurs as a result of an
increase in energy expenditure related to sodium and potas-



sium transport across the plasma membrane. The enhance-
ment in oxygen consumption related to an increase in
sodium and potassium transport depends on the normal
coupling of oxidation to phosphorylation in mitochondria.
The increase in generation of adenosine diphosphate (ADP)
from adenosinetriphosphate (ATP) as a result of active mem-
brane transport would result in an increase in oxygen con-
sumption by mitochondria in which oxidation is tightly
coupled to the phosphorylation of ADP. By this mechanism,
mitochondria would play an essential but indirect role in the
calorigenic response to thyroid hormone. The biochemicai
membrane unit that appears to reguiate sodium and potas-
sium transport is the sodium- and potassium-activated
ATPase (NatK+—ATPase); ismail-Beigi and Edelman? have
shown that the increase in the NatK +ATPase activity is
related to anincrease in the maximal capacity of the enzyme
to hydrolyze ATP, and not due to an alteration of the affinity of
the enzyme for ATP40 This supports a mechanism that is
compatible with an increase in the number of enzyme units
and not a qualitative change in the enzyme. The induction of
the plasma membrane NatK+—ATPase is a time-dependent
response; maximal activity occurs in rat liver 48 hours after a
single injection of T;# This indicates that T, does not directly
activate the enzyme at the plasma membrane level, but sug-
gests that the increase in enzyme activity is secondary to an
induced increase in the NatKt—ATPase production rate. Re-
cently, Lo and Edelman4! quantitatively estimated the syn-
thesis of a component of NatK t—ATPase with radioisotope
labeling techniques; they demonstrated that the induction of
the enzyme by T; appears to be related to an increase in the
synthetic rate of the membrane-bound enzyme. Therefore,
although the messenger RNA species that controls the syn-
thesis of the Na KT —ATPase enzyme complex has not been
quantitated, the observation that thyroid hormone increases
the synthesis of an essential component of the system sug-
gests that the regulation of this process by thyroid hormone
may also be mediated at the nuclear level.

An additional predominant feature of hyperthyroidism s
an increase in the rate of protein degradation in liver and
skeletal muscle; this is decreased in the hypothyroid states?
Similar observations have also been made in experimental
animals! DeMartino and Goldberg43 recently demonstrated
in the rat that the administration of thyroid hormone resultsin
a twofold to threefold increase in that activity of a variety of
lysosomal enzymes. This increase is due to an apparent
increase in a number of enzyme molecules. Thus, thyroid
hormones appear to regulate the synthesis of proteolytic and
other lysosomal enzyme activities, which may be responsible
for the alteration in protein turnover and myopathy observed
in hyperthyroidism as well as the turnover of other cell
components.

The feedback regulation of TSH secretion by thyroid
hormone has an essential role in maintaining a normal
thyroid economy. Inhibition of TSH secretion by thyroid
hormone is one of the most sensitive indicators of thyroid
function and one of the most rapid responses to thyroid
hormone administration. Serum TSH leveis drop within one

hour after T, administration. Although the rapidity of the
response might imply that thyroid hormone has a direct
action on the secretory machinery and that the inhibition of
TSH secretion is not mediated by a nuclear receptor,
inhibition of TSH secretion by thyroid hormone requires both
protein and RNA synthesis44 Bowers et al44 have proposed
that thyroid hormone inhibits TSH secretion by inducing a
factor in the cell that selectively and rapidly inhibits the TSH
secretory mechanism. The rapidity of the effects of thyroid
hormone on TSH secretion is not incompatible with a
nuclear-mediated mechanism since the induction of certain
cell functions such as growth hormone synthesis increases
within 30 minutes of the time that T; associates with nuclear
receptor#s Longer-term studies on the inhibition of TSH
synthesis using cultured mouse thyrotroph cells have been
consistent with a nuclear-mediated mechanism. Thus,
Gershengorn and colleagues4é.47 demonstrated that T; and
T, inhibit the production of TSH and that the inhibition of
TSH production appears to parallel the affinity of T; and
several other hormone analogues for the receptor in these
cells. Therefore, the chronic effect of thyroid hormone
exposure on TSH production is consistent with a nuclear-
mediated mechanism. Further studies are required, however,
to define the precise mechanism by which T; and T, result in
an acute inhibition of TSH secretion.

Muitihormonal Interrelationship of Thyroid Hormones With
Other Hormonal Factors

Although thyroid hormone clearly plays an important
role in regulating certain cell processes independently of
other hormones, it is becoming increasingly clear that
thyroid hormone also interacts with other hormones to
regulate specific cellular responses. In some instances, such
multihormonal interrelationships occur independently of
any change either in the level of thyroid hormone receptors
or in the level of receptors for the interacting hormone. The
interaction therefore probably reflects the interrelationship
of both hormone-receptor complexes in the regulation of a
specific rate-limiting response. in other instances, thyroid
hormone regulates the number of receptors for other
hormones, therefore altering tissue sensitivity to such
hormones. Table 3 gives examples of multihormonal inter-
action. Two systems in which multihormonal interaction has
been demonstrated are the influence of thyroid and
glucocorticoid hormones on the regulation of growth
hormone synthesis and growth hormone messenger
RNAZ26.27 in cultured GH, cells, and the interrelationship of
thyroid hormone, androgen, growth hormone, and giuco-
corticoid on the regulation of ay,-globulin synthesis and
messenger RNA in rat liver2® In cultured GH;, cells, thyroid
hormone induces an increase in growth hormone messenger
RNA independent of glucocorticoid48 On the other hand, in
the absence of thyroid hormone, glucocorticoid induces
virtually no response. Once the response is induced by
thyroid hormone, however, glucocorticoid enhances the
response approximately twofold to fivefold48 The changes in
the rates of growth hormone synthesis parallel changes in



intracellular growth hormone messenger RNA levels?t sug-
gesting that both the nuclear-associated thyroid hormone
and the glucocorticoid hormone-receptor compiexes
interact to regulate the growth hormone response in a
synergistic fashion. Thyroid hormone does not influence the
level or celiular distribution of the glucocorticoid receptor,
and glucocorticoid does not influence the nuclear level of the
thyroid hormone receptors® A similar type of regulation has
also been demonstrated for the synthesis of a,-globulin in
rat liver. In this system, the regulation of ay,-globulin mes-
senger RNA depends on thyroid hormone, androgens, and
glucocorticoid. In the absence of thyroid hormone, steroids
do not increase a,-globulin synthesis?? and in the complete
absence of steroids, thyroid hormone does not induce ay-
globulin synthesis. Thus, there is an absolute requirement for
all hormonal components?®

Multinormonal interactions have also been reported
between (1) thyroid and glucocorticoid hormones in regulat-
ing the production of d-aminolevulinic acid synthetase,
which is a rate-limiting enzyme in the pathway of heme
synthesis, in chick liver cells;49 (2) thyroid hormone and
somatomedin on stimulating chondroitin sulfate synthesisin
cartilage;®0 (3) thyroid hormone, prolactin, glucocorticoid,
and insulin on milk protein production in the mammary
gland;8 (4) thyroid hormone and estrogen on uterine protein

content and RNA and DNA synthesis;5! and (5) thyroid hor-
mone and catecholamines in increasing the cellular cyclic
adenosine-3', 5’-monophosphate (AMP) response in myo-
cardial cells?2 and adipose tissue?? Since most of these multi-
hormonal responses involving thyroid hormone have only
recently been recognized, it is likely that they represent only
a small fraction of the number of multifactorial interactions
involving thyroid hormone. The precise mechanisms in-
volved in these interactions are poorly understood. The in-
fluence of thyroid hormone in sensitizing uterine tissue to
estrogen does not appear to involve a change in the level of
the cytoplasmic estrogen receptor or the level of estrogen
receptor associated with the nucleus5! Therefore, analogous
to the multihormonal regulation of growth hormone messen-
ger RNA, the response probably involves an interplay
between receptor-hormone complexes for both thyroid
hormone and estrogen. For certain other responses, thyroid
hormone has been shown to increase the cell sensitivity to
another hormone by regulating the number of receptors for
the other hormones.

It has been recognized for many years that thyroid
hormone increases the sensitivity of the cardiovascular
system to catecholamines$ and a number of the cardiovas-
cular manifestations of thyrotoxicosis can be partially re-
versed with B-adrenergic blocking agenis* Since the g-

Table 3

Influence of Thyroid Hormone on Cellular Responses to Other Hormonal Factors

influence of Thyroid
Hormone on Receptors

Biologic  For Compounds in

Response Hormones Response Column 2 References

Growth hormone synthesis Glucocorticoid increased No 26,27

a,-Globulin synthesis Androgen, glucocorticoid increased No 29

6-Aminolevulinic acid Glucocorticoid increased Not known 49
synthetase production

Chondroitin sulfate synthesis Somatomedin increased Not known 50

Mammary milk protein production {nsulin, glucocorticoid, increased Not known 6

prolactin

Uterine DNA, RNA, and protein Estradiol increased No 51
synthesis

Cardiovascular 8-adrenergic Epinephrine Increased Increases §-adrenergic 52,55
agonist action receptors

Cardiovascular a-adrenergic Norepinephrine Decreased Decreases a-adrenergic 58
agonist action receptors

Muscarinic cholinergic effects Acetylcholine Decreased Decreases cholinergic 59

receptors
Glucagon action in adipose tissue Glucagon increased Increases glucagon 56
receptors

Low-density lipoprotein (LDL) LDL Increased Increases LDL receptors 57
metabolism

Thyrotropin-releasing hormone TRH Decreased Decreases TRH receptors 60,61

(TRH) action on pituitary cells




adrenergic catecholamine receptor acts to increase cyclic
AMP production, the mechanism by which thyroid hormone
influences the cellular cyclic AMP response probably in-
volves an effect on the catecholamine receptor or on the rate
of cyclic AMP generation or intracellular breakdown. Re-
cently, evidence has been presented to suggest that thyroid
hormone influences myocardial sensitivity to S-adrenergic
catecholamine agonists by stimulating an increase in the
level of the plasma membrane S-adrenergic receptor. This
has been demonstrated in the rat heart in vivo by Williams
and co-workers5s and in cultured myocardial cells by Tsai
and Chen5? Studies by Tsai and Chen52 demonstrated an
increase in the cellular cyclic AMP response to epinephrine
after thyroid hormone incubation that was paralleled by a
thyroid hormone-mediated increase in the cellular 8-
adrenergic receptor level. The thyroid hormone concentra-
tion-dependent stimulation of S-adrenergic receptor levels
shows virtuatl linearity with the occupancy of the thyroid hor-
mone receptor by Tj, a finding suggesting that thyroid hor-
mone induces B-adrenergic receptor levels by a nuclear
mechanism. In adipose tissue, however, thyroid hormone
increases catecholamine-induced lipolysis without achange
in the catecholamine receptor but appears to increase the
rate of cyclic AMP production generated by the catechola-
mine-receptor complex, possibly by modifying the coupling
factors involved in the process$? Other examples of thyroid
hormone-induced increases in surface membrane receptors
include glucagon receptors in adipose tissue® and the
receptor for low-density lipoprotein$? whichis involved in the
internalization of low-density lipoprotein, an important
mechanism regulating cholesterol synthesis.

In contrast, thyroid hormone has also been reported to
lower the level of cellular receptors for other hormones. This
has been reported for the a-adrenergic receptor5® and the
muscarinic cholinergic receptors® in the rat heart, and for the
thyrotropin-releasing hormone (TRH) receptor on pituitary
cells80.61 [t is probable that both the thyroid hormone-
mediated decrease in a-adrenergic and cholinergic recep-
tors and the thyroid hormone-stimulated increase in -
adrenergic myocardial receptors contribute to the overall
thyroid hormone effect on cardiac tissue.

Although thyroid hormone can lower the rate of TSH46
and prolactin4 production in the absence of the tripeptide
TRH, T; and T, can also modulate the production and secre-
tion of these peptide hormones by altering the cellular re-
sponse to TRH. Recently, it has been shown with cultured
thyrotroph cellsé' and prolactin-producing cells®0 that T,
elicits a time- and dose-dependent reduction in TRH
receptor levels. The T; concentration-dependent inhibition
of TRH receptor levels is almost linearly related to the occu-
pancy of the thyroid hormone nuclear receptor by T;, a find-
ing that supports a nuclear-mediated mechanism for both
inhibited as well as stimulated responses. Whether the reduc-
tion in TRH receptor level represents a T;-mediated decrease
in TRH receptor synthesis or in the synthesis of some factor
that enhances the degradation of the TRH receptor requires
further clarification.

Possibie Extranuclear Effects of Thyroid Hormone

As indicated in Table 2, the evidence that the thyroid
hormone nuclear-binding protein functions as a ceilular
receptor is based on the good agreement between the
relative affinity of the binding protein for T; and T, and
hormonal analogues and the relative biologic response
elicited by these compounds. Other evidence comes from the
good relationship between the occupancy of the receptor
binding site and the stimulated cellular response. Moreover,
in a limited number of instances, it has been possible to show
that the stimulation of specific proteins reflects a thyroid
hormone-induced increase in the level of the messenger
RNA molecules coding for the proteins. In other instances, it
has been possible to show only that RNA and protein
synthesis are required for expression of the response. These
observations, however, in no way exclude the possibility that
physiologic concentrations of T; and T, regulate cell
responses by extranuclear mechanisms. Certainly the
rapidity with which thyroid hormone acutely inhibits TSH
secretion suggests this possibility.

Several investigators have presented evidence for
possible direct effects on plasma membrane transport
systems. Goldfine and co-workers82 using rat thymocytes in
vitro, demonstrated that T; rapidly stimuiates the cell uptake
of several nonmetabolizable amino acids, a process that
occurs independently of cell protein synthesis. Whether this
represents a biologically relevant response that occurs in
vivo may be open to question since the free hormone
concentration required for a half-maximal response is more
than 100,000 times greater than physiologic. Segal and
Ingbars? reported that pharmacologic concentrations of T
stimulate a 26% increase in 2-deoxyglucose uptake in rat
thymocytes that occurs even when protein synthesis is
inhibited by at least 95%. Using chick embryo heart cells,
Segal and Gordon® demonstrated that Ty concentrations
close to the physiologic range stimulated a 20% increasein 2-
deoxyglucose transport in six hours and a 50% increase in 24
hours. The response observed within the first six hours
occurred independently of RNA and protein synthesis,
whereas the response between six and 24 hours depended on
the synthesis of RNA and protein. This raises the possibility
that thyroid hormone may have a smail effect on stimulating
sugar uptake at the level of the cell membrane.

Recently, using in vitro binding studies, Sterling and
Milchss reported that thyroid hormone binds with high
affinity to a component of rat liver mitochondria, and that the
binding component is absent from mitochondria derived
from organs that are calorigenically unresponsive to thyroid
hormone, i.e., brain, spleen, and testes. it should be pointed
out that the nuclear receptors are greatly reduced in spleen
and testes and have an intermediate concentration in adult
brain!' in vivo binding studies in the rat!! and studies on
intact cells in culture'?2 have not identified the mitochondrial
binding component reported by Sterling and Milch85 with
isolated mitochondria in vitro. Since thyroid hormones have
a general avidity to associate with proteins, the biologic
relevance of a hormone-binding protein identified with



isolated cell components in vitro must be demonstrated with
intact cell or animal studies. The potential significance of
Sterling and Milch’s observations on thyroid hormone re-
guires further studies to confirm a direct mitochondrial
action after in vivo thyroid hormone administration.

Our knowledge of the action of thyroid hormone has
advanced significantly during the past few years and lays the
foundation for future studies in which the precise
biochemical details of the mechanisms of thyroid hormone
action can be clarified. These include (1) identification of the
precise components in the nuclear chromatin with which the
thyroid hormone nuclear receptor associates, and clarifica-
tion of how this interaction is involved in the initiation of
transcriptional or posttranscriptional events; (2) identifica-
tion of the factors that control the synthesis and fractional
turnover rate of the nuclear-associated receptor, purification
of the receptor, and reproduction of the nuclear action of
thyroid hormone with reconstituted cellular components in
vitro; and (3) clarification of the mechanisms by which
thyroid hormone interacts with other hormones at the
cellular level to modulate specific responses. Although the
identification and characterization of biologically relevant
nuclear receptors for thyroid hormone has modified
concepts relating to the action of these hormones, a direct
extranuclear action of thyroid hormone of biologic signifi-
cance at physiologic concentrations has not been excluded.
investigative efforts in this direction, in addition to clarifying
the nuclear action of the thyroid hormones, will hopefully
lead to a complete understanding of the action of these
hormones at the cellular level and should provide the basis
for understanding the hypothyroid and hyperthyroid state in
man.

GLOSSARY

Receptor. A cell component, almost aiways a protein, that associates with a
hormone and controls a rate-limiting step in the action of the hormone.

Receptor occupancy. The fraction of the total receptor-binding sites occupied
by a hormone.

Affinity. A measure of the tightness of the hormone-receptor interaction.

Daiton. A unit of molecular weight equal to the weight of a single hydrogen
atom.

Chromatin. Nucleoprotein in the cell nucleus composed of DNA, RNA, his-
tones, and nonhistone proteins of which the cell chromosomes are com-
posed.

Messenger RNA (mRNA). A species of RNA that contains the information
encoded in specific genes and serves to direct the synthesis of specific
proteins.

Transcription. A process by which the genetic information contained in DNA
is transcribed into RNA by synthesis of farge-molecular-weight nuclear
RNA molecules.

Posttranscriptional nuclear events. A process in which nuclear RNA, contain-
ing the genetic information, is shortened in size and modified to form mes-
senger RNA.

Transiation. A process in which the genetic information in messenger RNA is
translated into the structure of proteins by linking amino acids in specific
sequences to form specific proteins.
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