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The past 10 years have seen tremendous progress in the definition ofthe nuclear 
mechanism of action of thyroid hormones. Although the way in which these 
nuclear mechanisms underlie the 3.5,3'-triiodo-L-thyronine (T3)-dependent 
stimulation of metabolic rate remains to be clarified, evidence favoring non­
nuclear pathways is limited. Clearly, T3 stimulates both the production and 
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264 FREAKE & OPPENHEIMER 

consumption of energy within cells. It also exerts a number of parallel effects 
that result in increased oxygen consumption, e.g. on mitochondrial structure 
and composition; on the metabolism of lipids, carbohydrates, and proteins, and 
on cardiac function. Additionally, T3 may increase the proton permeability of 
the inner mitochondrial membrane, which implies that it may decrease the 
efficiency of energy production. These metabolic effects of T 3 appear to be 
restricted to homeothermic animals, representing a coordinated response to the 
challenge of maintaining body temperature. 

INTRODUCTION 

The stimulatory effects of thyroid hormones on metabolic rate in humans were 
first described by Magnus-Levy (97) 100 years ago. The unique effect of these 
hormones on basal metabolism led to the use of basal metabolic rate (BMR) 
as an index of thyroid function. This method was the standard for many years, 
prior to the availability of more specific assays ( 149). This clinical utility not 
withstanding, little progress was made during the first 60 years of this century 
in determining how thyroid hormones functioned to produce these effects. 
However, as investigators began to understand mitochondrial structure and 
function, they suggested that thyroidal stimulation of metabolic rate resulted 
from the uncoupling of oxidative phosphorylation. Indeed, such effects were 
demonstrated in isolated mitochondria (90, 99). However, as Tata et al (149, 
150) pointed out, these experiments used extraordinarily high amounts of 
hormone, and at any physiological concentration, respiration remained tightly 
coupled. Furthermore, in an analysis of the sequential biochemical changes 
induced by thyroid hormone, Tata & Widnell ( 15 1) observed that alterations 
in nuclear RNA synthesis preceded biochemical changes found in mitochon­
dria. These findings raised the possibility that nuclear events mediate thyroid 
hormone-stimulated mitochondrial metabolism. As is discussed in greater 
detail below, subsequent studies have supported this hypothesis and have 
indicated that thyroid hormones exert multiple independent effects via specific 
receptors located in the nuclei of target tissues. 

Although the biologic and clinical importance of thyroid hormone-stimu­
lated thermogenesis has been generally recognized, the quantitative contribu­
tions of specific energy-consuming processes to total oxygen consumption in 
the hypo- and hyperthyroid states remain unclear. In this review, we describe 
the component elements in the mammalian thyroid hormone system, review 
current thinking with regard to the mechanism of action of thyroid hormones, 
and examine the specific components that contribute to thyroid hormone­
stimulated thermogenesis. Lastly, we speculate on the significance of this 
process in the development of homeothermic vertebrates. 
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THERMOGENESIS AND THYROID FUNCTION 265 

GENERAL CHARACTERISTICS OF THE THYROID 
HORMONE SYSTEM 

Production and Metabolism 

The only physiological function of iodide is as a precursor for thyroid hor­
mones. Thus, any change in iodide status may affect thyroid hormone function. 
Following absorption in the gut, iodide is efficiently concentrated in the thyroid 
gland (57). The iodide is oxidatively coupled to tyrosine residues in the large 
protein thyroglobulin, forming mono- and diiodotyrosines. These in tum con­
dense to produce the iodothyronines, L-thyroxine (T4) , and 3,5,3'-triiodo-L­
thyronine (T3) (57). Although both products are secreted by the thyroid gland, 
the tetra-iodo form predominates. The production and secretion of hormones 
by the thyroid gland is under the control of the pituitary glycoprotein thyroid­
stimulating hormone (TSH), which in tum is negatively regulated by T3, giving 
an efficient homeostatic mechanism for regulating thyroid hormone status (91). 

T 3 is the most biologically active form of thyroid hormones ( 1 19). It may 
be produced directly from the thyroid gland, or peripherally from T4 by the 
action of the deiodinase enzymes (94). There are two principal, quite different 
forms of this enzyme. Type I is found in liver and kidney, and type II is located 
in brain and brown adipose tissue (94). More recently, a type III thyroxine 
5-deiodinase has been defined. Type III deiodinase inactivates T4 and T3 by 
removal of the iodine in position 5 of the inner ring (94). 

The type I enzyme is nutritionally significant in that it is one of the very 
few known selenoproteins (9), and thus its activity is dependent on selenium 
status (6). There is an additional link between selenium and thyroid hormone 
status; the thyroid gland is dependent on the antioxidant function of another 
selenium enzyme, glutathione peroxidase, to neutralize the oxidative environ­
ment required for the production of thyroid hormones (24). 

The deiodinase enzymes also convert T 3 to diiodothyronines (T 2)' Diio­
dothryonines are considered inactive metabolites in the degradative pathway 
that have little, if any, action on calorigenesis in the whole animal ( 149) and 
low affinity for the nuclear T 3 receptor (85). However, some investigators have 
found T2 to be quite effective in various in vitro systems (69, 89). 

Mechanism of Action 

The prescient observations of Tata and colleagues in the mid-1960s suggested 
that thyroid hormone might produce its manifold effects by stimulating nuclear 
mechanisms ( 151). However, this hypothesis did not receive immediate ac­
ceptance, and most authorities of the time adopted the view that thyroid 
hormone action was initiated at multiple cellular sites. 

One of the major problems with this hypothesis for a nuclear mechanism 
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266 FREAKE & OPPENHEIMER 

was that the site of interaction between thyroid hormone and nucleus had not 
been defined. In 1972, however, studies demonstrated limited-capacity, high­
affinity sites for T 3 in the nuclei of rat liver and kidney following the injection 
of tracer [12S-I]-labeled T 3 together with increasing doses of unlabeled T 3 ( 116). 
Soon thereafter, similar nuclear-binding sites for T3 sites were demonstrated 
in other rat tissues (120) and in lines of pituitary tumor cells (131). T 4-binding 
sites were not as easily demonstrated using these techniques because the 
receptor's affinity for T4 is only one tenth that for T3• The physiological 
implications of these differences were clarified by Braverman et al (16), who 
demonstrated that in humans, peripheral tissues convert T 4 to T 3' This finding 
was confirmed in total body analyses of rats following the injection of tracer 
T4 (136). Additional studies showed a strong correlation between occupancy 
of nuclear receptors by thyroid hormone analogues and the biological response 
exerted by such analogues (85). Moreover, the correlation between occupancy 
of nuclear receptors and the level of specific mRNAs further strengthened the 
concept of a nuclear initiation (115). 

In recent years, the operation of the nuclear signaling pathway has been 
defined in much more precise terms. A sine qua non for this progress was the 
identification in 1986 of the cellular counterparts of the v-erbA oncogene as 
the nuclear T3 receptors (TRs) ( 132, 157). However, this discovery also com­
plicated the picture of the nuclear thyroid hormone receptor because two 
separate genes, (X and �, encode biologically active TRs in both rats (105) and 
humans (7, 157). These genes in turn encode multiple products that are ex­
pressed and regulated in a tissue-specific manner (92). These products include 
proteins that do not bind T 3 and that apparently can act as thyroid hormone 
antagonists (92). 

Progress in defining the function of these receptors has been accelerated by 
the discovery that they are part of a large family of nuclear receptor molecules 
that includes those that mediate the action of steroid hormones, retinoic acid, 
and vitamin D (32). Although there are differences between the modes of 
action of the members of this large family of signaling molecules, they all 
function within the nucleus by binding to their receptors and changing the 
transcription rate of their target genes (5, 32). The receptors have a modular 
structure, with one region that binds the specific ligand and a second region, 
which is highly conserved across all members of the family, that binds to DNA 
(32). This DNA-binding region contains invariant cysteine residues, which 
chelate zinc. This mineral in tum stabilizes the protein structure, permitting 
DNA binding (8). A receptor identifies its target genes by the presence of 
specific response elements within the regulatory portions of the DNA that are 
usually found in the regions 5' to the start site of transcription (5, 32). For the 
TR, the response element consists of a hexanucleotide in the form AGGTCA 
that is usually, and perhaps always, found in pairs or greater numbers, with 
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Figure 1 Nuclear actio n o f  thyroi d  hormone. Both T4 and T3 are delivered to the cell and taken 
up, probably by a carrier-mediated process. Cells that contain the deio di nase enzyme (5'D!) will 
convert T 4 to T3; o thers will be dependent o n  a pl asma sourc e ofT3 .  Withi n  the nucleus, T3 stabilizes 
a complex consisti ng of a heterodimer between a T3 rec eptor ( R) and a 9-cis retinoic acid  receptor 
( R'), and a thy roid  hormone response element of a target gene. This process resul ts in an al tered rate 
o f  transc ri ption, which i n  turn leads to al tered m RNA and protein levels, and modified cellular 
functio n. 

fixed separations between the sites (17). The precise spatial arrangement of 
these sites is critical because very similar sequences are used as response 
elements by other members of the nuclear receptor family (153). 

The nuclear actions of T 3 are illustrated in Figure 1. In vitro experiments 
that examined the binding of homogeneous preparations of TRs to their re­
sponse elements found that additional nuclear proteins were often required in 
order to demonstrate such interactions (20, 104). The identity of these proteins 
may vary from tissue to tissue (and from gene to gene), but in many cases, 
retinoid X receptor (RXR) has been identified as the active agent (93, 161). 
This protein is a member of the nuclear receptor superfamily; its ligand is 9-cis 
retinoic acid (58), an isomer of the normal all-trans form. Heterodimers be­
tween TRs and RXRs bind more tightly to TR response elements than do 
homodimers and also appear to elicit a more robust transcriptional activation 
of model target genes (93, 161). The receptors for all-trans retinoic acid and 
1,25 dihydroxyvitamin D also heterodimerize with RXR (93, 161). 

Three separate genes encode RXRs and multiple products of these genes 
(98). The additional mUltiplicity of TRs (92) suggests a high degree of regu­
lational complexity. For example, a given response element might favor spe-
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268 FREAKE & OPPENHEIMER 

cific fonns of each receptor. This preference might be influenced in a tissue­
specific manner by the presence of other proteins that interact either directly 
with the receptors or with neighboring portions of the target gene DNA. The 
specifics of such interactions remain to be worked out, especially in vivo, but 
these receptor systems are clearly sufficiently complex to account for the 
physiology of thyroid honnone action observed in intact animals. 

Proposed Nonnuclear Mechanisms 

Remarkable progress has been made toward defining a nuclear pathway for 
thyroid honnone action. Investigations of pathways originating in other por­
tions of the cell, however, have not been as productive. Reports of extranuclear 
pathways are frequently based on the putative demonstration of specific bind­
ing sites in subcellular fractions. In general, analysis of functional responses 
to thyroid honnones and their analogues, especially those occurring under in 
vivo conditions, does not support a physiological role for such sites. Additional 
studies are clearly needed to define the role of the proposed extra nuclear 
mechanisms. However, we briefly cite some of the suggestions that have been 
put forth in this area of research. 

MITOCHONDRIAL MECH ANISMS The effects of thyroid honnone on oxidative 
processes have focused considerable attention on the mitochondrion as a po­
tential direct target for honnone action (144). Sterling & Milch (146) reported 
the existence of specific mitochondrial binding sites for thyroid honnone in 
1975. However, another report was unable to confirm their existence (47), and 
the characterizations of such sites by two other groups differ sharply from each 
other as well as from the initial report (43, 55). The physiologically relevant 
effects of thyroid honnone on mitochondrial respiration are very likely medi­
ated by the regulation of gene expression at the nuclear level (see below). 

CELL MEMBRANE-I NITIATED MECH ANI SMS Binding sites for thyroid honnone 
also have been described in the cell membrane (65, 86, 126). The overall 
process whereby thyroid honnones, or in fact any other honnone with a nuclear 
site of action, are taken up by the cell and delivered to the nucleus is rather 
obscure. For thyroid honnones, cellular uptake is stereospecific (117); satura­
ble in isolated cell systems (86, 126), although apparently not in vivo (117); 
and sensitive to metabolic inhibitors (65). Whether such sites are simply 
involved in the transport of iodothyronines or whether they mediate some 
action of thyroid honnone remains unclear. For example, some investigators 
have reported that plasma membrane T 3-binding sites on thymocytes are satu­
rable and can facilitate the transport of 2-deoxyglucose from the medium into 
the cell (139). However, the fractional rate of accumulation of labeled 2-de­
oxyglucose failed to decrease at concentrations of T3 as high as 10-5 M (138). 

Rapid membrane-based actions of thyroid honnone on calcium transport 
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THERMOGENESIS AND THYROID FUNCTION 269 

also have been reported (72, 137). However, direct linkages between occupa­
tion of binding in the membrane and changes in cellular calcium have not been 
demonstrated. Indeed, these effects may result from receptor-independent in­
teractions of hormone with membrane lipids and proteins (144). To envisage 
how these rapid and transient effects result in a delayed and long-lasting 
phenomenon such as stimulation of metabolic rate is difficult. Furthermore, 
the analogue specificity of some of these membrane actions is not the same 
as that of the calorigenic effects of thyroid hormones (72, 144, 149). Thus, 
although membrane-based effects of thyroid hormone may yet prove to be 
important, no clear relationship between these phenomena and the regulation 
of metabolic rate is apparent. 

MECHANISMS INITIATED IN THE CYTOPLASM Thyroid hormones also appear 
to bind to a number of proteins located in the cytoplasm of cells (73). These 
cytoplasmic proteins may simply help to move the hydrophobic T3 and T4 
molecules to the nucleus, or they may play a more active role in T3 transport. 
Oppenheimer & Schwartz have suggested that the concentration of free T3 in 
the nucleus is manyfold higher than that in the cytoplasm, suggesting that an 
active transport system may carry T3 from the cytosol to the nucleus ( 1 17). 
Hashizume et al (56) reported a possible mechanism for establishing such a 
gradient, having found that the properties of one cytosolic T3-binding protein 
are dependent on the NADPINADPH ratio of the cell. NADP favors the 
delivery of T3 to the nucleus, whereas NADPH causes the protein to hold T3 
in the cytosol. Along the same lines, Ashizawa & Cheng (1) have shown that 
cellular glucose, via its metabolite fructose 1,6-bisphosphate, inversely regu­
lates the T3-binding activity of another cytosolic protein, a monomer of pyru­
vate kinase. The transcriptional activity of T3 and its transport to the nucleus 
are favored by glucose. These findings indicate an interesting mechanism 
whereby the nuclear signaling pathway might be modulated by both the sub­
strate supply and the redox state of the cell. 

COMPONENTS OF METABOLIC RATE 

Thyroid hormones are unique in their ability to regulate the basal portion of 
metabolic rate. Danforth & Burger (25) divided basal heat production in 
homeotherms into two components (Figure 2), essential heat and obligatory heat. 
Essential heat is generated as a byproduct of all the normal metabolic processes. 
Under most circumstances, this heat is insufficient to maintain the required body 
temperature. It is therefore supplemented with obligatory heat, which can be 
regulated and which is dependent on thyroid hormones. Some environmental 
conditions cause greater heat losses and require supplementation of this basal 
heat production with adaptive heat. This supplementation is under control of the 
central nervous system and comprises both shivering and nonshivering thermo-
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270 FREAKE & OPPENHEIMER 

. Shivering 
and 
non-shivering 
thermogenesis 

T3 
sensitive 
component 

.. 

Adaptive heat 

Obligatory heat 

Essential heat 

Increasing requirement for heat 

Basal heat 
production 

Total heat 
production 

Figure 2 T he com ponent s o f  m et abolic rate at rest . T he total amount of heat req uired to mai nt ai n  
body tem perat ure depends o n  t he environment al co nditions. W hen ob li gat e and essential heat are 
i nsufficient , adaptive heat i s  acti vated. Any i ncrease i n  t he amount of  obligatory heat t hat i s  
generated tends to decrease t he requirement for adaptive heat. See text for defi nition o f  terms.  

genesis. The latter process has been localized to brown adipose tissue (BAT) 
(38). This tissue contains a unique mitochondrial protein, uncoupling protein 
(UCP), which uncouples electron transport from the phosphorylation of ADP 
( 1 10). Nonshivering thermogenesis and BAT are intimately connected with 
thyroid hormones, but they are not part of what is usually considered thyroid 
hormone thermogenesis. In hypothyroid animals, cold exposure does not in­
crease UCP function (124) even though T3 is necessary for the transcriptional 
induction of the UCP gene ( 10). However, BAT may be deactivated in the 
hyperthyroid state. Thus UCP induction by cold exposure is reduced in the 
hyperthyroid animal, and the tissue accumulates fat, presumably because its fatty 
acid oxidation is slower (148, 152). In the hyperthyroid state, when obligatory 
heat production is enhanced, the requirements for adaptive heat are reduced, and 
thus BAT is less active. Therefore, hyperthyroidism may actually reduce rather 
than stimulate thermogenesis in BAT. 

PHYSIOLOGY OF THE CALORIGENIC EFFECTS OF 
THYROID HORMONES 

Before considering the mechanisms that underlie thyroid hormone-induced 
thermogenesis, we delineate this process as clearly as possible. The literature 
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THERMOGENESIS AND THYROID FUNCTION 271 

is not new, and although we have no particular reason to question it, fresh data 
may be desirable for some aspects of thyroid hormone-induced thermogenesis. 

Magnitude 

It is generally agreed that hypothyroidism results in an -30% reduction in 
basal oxygen consumption in humans and rats; hyperthyroidism is associated 
with an -50% increase in oxygen consumption (3, 118, 133, 142, 150). Overall, 
therefore, thyroid hormone approximately doubles the BMR. Although this 
result is obviously of great physiological importance, a twofold change in many 
biochemical assays is not particularly large. Such a change may not achieve 
statistical significance, and its interpretation may depend on the investigator. 
For example, thyroid hormone stimulation of expression of the �-subunit of 
FI-ATPase was deemed physiologically important by one group (76) but not 
by another (96). 

Tissue Distribution 

The exact location of the tissues responsible for the increase in BMR remains 
to be determined. Barker & Klitgaard (3) treated hypothyroid rats with a large 
dose of T 4 and measured oxygen consumption both in the whole animal and 
in numerous tissue preparations at various times after treatment. All tissues 
examined, with the exception of brain, spleen, and testis, exhibited increased 
oxygen consumption. Interestingly, the percentage increase in oxygen con­
sumption of the whole animal exceeded that of any individual tissue, with the 
exception of heart (3). This finding suggests that either a crucial site of thyroid 
hormone-induced thermogenesis was omitted from the study or that the oxygen 
consumption measured in vitro did not accurately reflect the activity in vivo. 
The latter problem may be characteristic of many studies that attempt to assess 
regulation of oxygen consumption. This basic cellular parameter, which results 
from the integrated operation of the tissue, seems to be dependent on such 
whole-body functions as substrate delivery and removal by the circulation, as 
well as on nerve supply. An in vitro preparation will not only remove these 
factors but may also disrupt the physical organization of the tissue in crucial 
ways. 

Rothwell & Stock (130) attempted to overcome these limitations by using 
radiolabeled microspheres to track blood flow in control and hyperthyroid rats. 
This technique had been used previously with great success to demonstrate 
the importance of BAT as the site of nonshivering thermogenesis (38). The 
greatest effect of the thyroid hormone measured was to stimulate blood flow 
to white adipose tissue (130). Hepatic arterial flow was also increased, as was 
supply to the gut, which ended up in the liver via the portal circulation. A lack 
of stimulation of blood flow to muscle was noted. Surprisingly. this study 
failed to demonstrate any increase in cardiac output, which, at least in humans, 
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272 FREAKE & OPPENHEIMER 

is considered a standard consequence of hyperthyroidism (83). In addition, to 
determine oxygen consumption of a tissue in vivo, measurements of blood 
flow must be analyzed in conjunction with determinations of oxygen extraction 
by that tissue. Because these investigators did not perform such an analysis, 
we cannot exclude the possibility that muscle oxygen consumption, for exam­
ple, was increased without significant change in blood flow. This result was 
observed in livers of hyperthyroid patients (107). Thyrotoxicosis resulted in 
little change in hepatic blood flow but caused a marked increase in oxygen 
extraction. 

Support for the significance of muscle in the process of thyroid thermogene­
sis also comes from the earlier work of Tata et al (150), who found that the 
changes in oxygen consumption in the whole animal correlated better in time 
with effects on mitochondria from muscle than with those on mitochondria 
from liver. In addition, Capo & Sillau (21) found that thyroid hormone in­
creased the capillarity of rat muscle in a manner dependent on muscle type. 

In summary, although a large body of evidence from in vitro studies suggests 
that most, but not all, tissues of the body respond to hyperthyroidism by 
increasing oxygen consumption, the situation in vivo remains unclear, particu­
larly in tenns of the quantitative significance of different tissues. 

Time Course 

Another hallmark of the stimulation of metabolic rate by thyroid honnone is 
a distinct lag time following administration of hormone before any response 
is seen. Indeed, until more recent studies showed very fast transcriptional 
effects of T3 and very rapid membrane-based phenomena (see above), all 
actions of thyroid honnone were thought to occur only after a delay of several 
hours. Although this delayed increase in whole-body oxygen consumption 
appears to be widely accepted, the exact length of the delay is unclear. In 
Barker & Klitgaard's study (3), whole-body oxygen consumption was in­
creased one day following hormone administration, the first time point at which 
consumption was measured. Oppenheimer et al (118) subsequently confirmed 
this finding. Tata and coworkers (150) suggested a lag time of 20-30 h, and 
their data include some early time points at which no change is apparent. Myant 
& Whitney detected an increase in oxygen consumption 18 h after giving T3 
to hypothyroid rats (106). Thus, although many hours pass before any effects 
of thyroid hormones on metabolic rate are apparent, the exact duration of this 
lag time is not clear. In any event, it is much longer than that required to see 
thyroid hormone-dependent changes in oxygen consumption in mitochondria 
in vitro (60) or even in perfused liver (101). These results lead us to question 
to what extent these phenomena are associated with the calorigenic response 
in vivo. 
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Analogue Specificity 

The analogue specificity of thyroid hormone stimulation of oxygen consump­
tion is another question worth reexamining. Tata (149) reviewed a large body 
of data from contemporary studies in 1963. He reported that T3 was more 
active than T4, that the L forms were more active than the D forms, and that 
the loss of an iodide from the inner ring to give 3,3',5' -triiodothyronine (reverse 
T 3) or any of the diodothyronine analogues resulted in an almost total loss of 
activity. Some calorigenic potency could be regained by substitution of methyl 
groups for the iodide. The question of analogue specificity was revisited 
recently following the discovery of multiple forms of the nuclear receptor. The 
response of a given tissue to thyroid hormone analogues is determined by the 
affinity of the receptor for the analogue and the steady-state concentration of 
the analogue. The affinity of thyroid hormone receptors for a given analogue 
is generally independent of the isoform of the receptor or the tissue of origin. 
Therefore, it would be most unexpected to find two analogues that exhibit 
different relative potencies in two tissues or differences in potency between 
an in vivo response system and a relevant in vitro response system. Reports 
that T 2 exhibits a greater metabolic effect than T 3 in some in vitro systems 
(69,89) contradict the finding that T2 has at best 1130 the activity of T3 when 
stimulating metabolic rate (149) and is a poor competitor for the nuclear 
receptor (85). A report that a synthetic T3 analogue exhibited a preferentially 
affected liver metabolism while sparing thyroid hormone action on the heart 
(154) attracted much attention because it indicated a potential role for T3 in 
the treatment of lipid disorders, but this finding has not yet been confirmed. 

MECHANISMS BY WHICH T3 REGULATES METABOLIC 
RATE 

In the past, investigators frequently assumed that the calorigenic effects of 
thyroid hormone reflected a simple effect on either energy production (e.g. 
uncoupling of oxidative phosphorylation) or energy expenditure [e.g. stimula­
tion of Na+,K+-ATPase (74, 75)]. It now appears likely that T3 affects both 
arms of this axis, probably independently. For instance, although higher thyroid 
hormone levels are associated with increased amounts of respiratory chain 
components, those components are found in a more reduced state within the 
cell (66). Thus, although T3 increases the oxidative capacity of the system, it 
also disproportionately increases the supply of reducing equivalents. Further­
more, a predominant effect of T 3 on either energy production or energy con­
sumption might be expected to disturb the phosphorylation potential of the 
cell, but, as reviewed by Sestoft (141), no such changes are evident. More 
recently, Seitz et al (140) found that hyperthyroidism was associated with 
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increased cytosolic and decreased mitochondrial ATP/ADP ratios, changes 
they attributed to an effect of thyroid status on mitochondrial adenine nucleo­
tide transport (see below). However, Kalderon et al (81) confirmed that T3 
treatment reduced the mitochondrial phosphate potential but showed that the 
cytosolic ratio was unaffected. They suggested that the reduced mitochondrial 
potential was caused by a decrease in ATP production. At any rate, T3 clearly 
regulates both the production and use of energy within cells. 

T3 and Energy Production 

Because thyroid hormones regulate oxygen consumption, once the role of 
mitochondria in this process was established, they appeared to be likely targets 
for hormone action. Direct action of T 3 on mitochondria has been suggested 
based on three pieces of evidence. First, high-affinity binding sites were found 
in the mitochondrial membrane (43, 55, 146). However, as discussed above, 
evidence linking these sites to the biological function of the hormone is still 
lacking. Second, some effects of T 3 on mitochondria are so rapid that it is 
difficult to envisage a nuclear pathway operating in that span of time (18, 101). 
Third, thyroid hormone may have direct effects on isolated mitochondria (121, 
147). However, one cannot assume that the simple replication in vitro of an 
effect of thyroid hormone observed in vivo means that the mechanisms in­
volved are identical. Although adding thyroid hormone to isolated mitochon­
dria in vitro simulates the increased amino acid incorporation observed in vivo, 
different mechanisms appear to initiate these processes (45). 

Regardless of whether T 3 has direct nonnuclear actions on mitochondria, at 
least some of the calorigenic effects of the hormone are manifest by changes 
in these organelles. The thyroid state-dependent changes in respiration, ob­
servable in the whole animal, are also evident in both intact hepatocytes and 
isolated mitochondria prepared from those animals (12, 62). These in vitro 
effects persist with a variety of substrates and in the absence (state 4) or 
presence (state 3) of ADP. A variety of experimental approaches have been 
used to analyze the mechanism(s) underlying T3-dependent alterations in mi­
tochondrial function. 

EFFECTS ON THE AMOUNTS AND ACTIVITIES OF MITOC HONDRI AL PROTEINS 

Given the clearly established nuclear pathway for thyroid hormone action, it 
is tempting to suppose that its effects on mitochondrial respiration are due to 
increased expression of genes encoding proteins required for this process. 
Thyroid hormone has a general stimulatory effect on mitochondrial biogenesis 
(49, 108), particularly on the surface area of the inner membrane (79). Candi­
date proteins include the components of the respiratory chain; the FI-ATPase; 
and the adenine nucleotide translocase, which is required for the transport of 
ADP into the mitochondria. Effects of hypothyroidism and the consequent 
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administration of T3 have been observed both for nuclear-encoded proteins, 
such as cytochrome c (66,134) and cytochrome CI (96) and for mitochondrially 
encoded proteins such as subunits II and III of cytochrome c oxidase (96, 156, 
159). Indeed, the synthesis of all mitochondrially encoded mRNAs is stimu­
lated by T3. However, this process may occur via a nuclear mechanism, since 
the mitochondrial genome does not encode any proteins capable of regulating 
its own transcription (96, 156, 159). The data are not in agreement as to whether 
T 3 regulates the synthesis of some mitochondrial proteins, e.g. the p subunit 
of FI-ATPase (76, 96) and some of the nuclear-encoded subunits of cyto­
chrome oxidase (96, 156, 159). As suggested above, this discrepancy may 
reflect the technical difficulties associated with measuring small changes in 
the levels of specific mRNAs, particularly against the backdrop of generalized 
effects of thyroid state on production of both messenger and ribosomal RNA. 

Although changes in the levels of mitochondrial proteins may cause some 
of the effects of thyroid hormone on mitochondrial respiration, they are not 
sufficient to explain the full effects. Increased flow through the respiratory 
chain can be accomplished either by increasing amounts of the components 
of the respiratory chain or by increasing their reduction state. Thyroid hormone 
does both, but the effects on reduction state occur earlier than those on amounts 
(66). Indeed, the increased expression of the genes encoding mitochondrial 
proteins may not be a direct effect of T 3 but rather a secondary response. The 
direct stimulus could be a general signal resulting from an increased load on 
mitochondrial function or a trans-acting factor specifically induced by T 3. 
Some sequence information is available about the promoter regions of the 
genes in question, and potential thyroid hormone response elements have been 
suggested (76, 159), However, there is no proof that these putative response 
elements are biologically active. Thus the question of whether the expression 
of these mitochondrial proteins is directly or secondarily regulated by T 3 
remains open. 

PROTON L EAK The extent to which the amounts of the components of the 
respiratory chain limit respiration also has been questioned (12). Metabolic 
control analysis is a technique that determines the proportional control that 
individual steps in a complex pathway exert over flux through that pathway 
(33). Groen et al (48) first applied this approach to oxidative phosphorylation, 
and in recent years Brand and coworkers have refined and adapted it to 
examine how thyroid state influences the control exerted over mitochondrial 
respiration by individual steps (13). These latter authors initially examined 
hepatic mitochondria isolated from rats of different thyroid states. In state 4 
mitochondria, they found that the most significant regulator of oxygen con­
sumption was the passive leak of protons across the mitochondrial membrane 
(5 1, 53). Relative to euthyroid controls, this leak was reduced in hypothyroid 
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mitochondria and increased in mitochondria prepared from hyperthyroid rats. 
In state 4, mitochondrial respiration is limited by the absence of ADP, but 
when ADP is not limiting (state 3), the role of proton leak in mitochondrial 
function is insignificant (48, 53). In state 3 mitochondria, hypothyroidism 
reportedly limited oxygen consumption by reducing the activities of FI­

ATPase and the adenine nucleotide translocator, whereas hyperthyroidism 
stimulated oxygen consumption through effects on the respiratory chain (53). 
Interpretation of these experiments in isolated mitochondria is complicated 
because in vivo respiratory control is between states 3 and 4. In addition, 
thyroid state also may affect reactions at other sites in the cell that consume 
ATP or affect the redox potential (and thereby influence mitochondrial func­
tion). However, results of studies in hepatocytes isolated from rats of different 
thyroid states were similar (54). Thus proton leak may be an important con­
tributor to changes in oxygen consumption caused by both hypo- and hyper­
thyroid states, accounting for -50% of the differences between the two. 
Interestingly, a reduction in nonmitochondrial oxygen consumption also was 
important in hypothyroid cells. This reduction did not contribute to the 
change in oxygen consumption that occurs during the euthyroid-to-hyperthy­
roid transition. The latter change was dependent on increased ATP turnover 
and increased proton leak (54). 

Brand and coworkers examined chronic alterations in thyroid state and 
reported that these changes were slow to develop and not related to any rapid 
effects of T 3 on mitochondrial function (51, 53). Horrum et al looked at the 
effects of T 3 treatment on respiration and proton permeability of the inner 
mitochondrial membrane and found both to be increased after 9-12 h (68). 
However, whereas the increase in oxygen consumption (measured in isolated 
mitochondria) was inhibited by actinomycin D, the effects on proton perme­
ability were not altered by this inhibitor of transcription. These authors' data, 
which require confirmation, not only suggest a nontranscriptional route for T3 
regulation of the proton permeability of the inner mitochondrial membrane but 
also call into question the role of this process in stimulation of oxygen con­
sumption. Brand et al (15) also have shown that T3-dependent changes in the 
proton leak across the inner mitochondrial membrane can be attributed to (a) 

an increase in the surface area of the membrane and (b) an enhanced perme­
ability of the membrane for protons. The latter factor may be associated with 
changes in the mitochondrial phospholipids, particularly the degree of unsatu­
ration of the fatty acids. 

MEMBRANE LIPID COMPOSITION Changes in the lipid composition of the mi­
tochondrial membrane appear to be a well-established feature of altered thyroid 
states (62). Hypothyroidism is associated with an increase in the degree of 
saturation of fatty acids in membrane phospholipids, notably decreased 20:4 
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and increased 18:2 (22). These changes also are seen in other cellular mem­
branes and may result from general effects of T3, presumably mediated at a 
nuclear level, on the metabolism of fatty acids. For example, T3 affects the 
synthesis, desaturation, elongation, and oxidation of these compounds (62). A 
higher saturation index implies a more tightly structured membrane, which 
will contain less water and therefore have reduced proton permeability (62). 
Changes in membrane lipids can affect not only the permeability of the mem­
brane, but also the activities of membrane proteins. Cardiolipin is a mitochon­
drial phospholipid whose synthesis is regulated by thyroid hormones (70). In 
rat heart mitochondria, levels of cardiolipin are decreased by hypothyroidism 
(122) and increased by hyperthyroidism (123), although this may not be the 
case in liver (63). Proteins whose activity depends on membrane lipid com­
position in general and on cardiolipin content specifically include cytochrome 
c oxidase (122, 123) and the adenine nucleotide translocase (62). 

ADENINE NUCLEOTIDE TRANSLOCASE The process of ADP transport into mi­
tochondria is dependent on thyroid hormone (2, 61) and is clearly important 
for the control of respiration. However, the T3-induced stimulation of ADP 
uptake is achieved without an alteration in the number of translocators. On 
northern blot analyses, T3 has no effect on expression of the translocase gene 
(64). Thus the changes in translocase activity appear to result from alterations 
in its lipid environment (62). It is interesting to speculate to what extent other 
mitochondrial changes are caused by T 3 effects on membrane composition. 
Indeed, Soboll (144) has suggested that some of the short-term effects of 
hormone treatment that are seen in various systems may mimic the long-term 
effects because thyroid hormone directly interacts with membrane lipids. Up­
take of thyroid hormones into the membrane may cause changes in membrane 
fluidity similar to those associated with changes in fatty acid composition and 
thereby affect membrane protein function. Whether these effects ever occur 
in vivo remains to be determined. 

DOES THYROID HORMONE UNCOUPLE RESPIRATION? For the past 30 years, 
reviews on thyroid hormone and thermogenesis have stated that T3 does not 
uncouple oxidative phosphorylation. This conclusion is based largely on the 
work of Tata et al (150). However, these findings appear to contradict the idea, 
put forward by Brand, that T3 stimulates the protbn leak (53). If respiration is 
normally tightly coupled to ATP production, how can T3100sen this linkage by 
stimulating the passive return of protons without affecting the PIO ratio? First, 
PIO ratios are almost always measured under state 3 conditions, i.e. in the 
presence of saturating levels of ADP. This measurement is usually performed 
in isolated mitochondria (59), and sometimes in vivo (36), and gives a ratio of 
-2.5. This measurement eliminates any influence of the proton leak because 
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proton leak plays a very minor role in state 3 respiration (48,53), and measured 
PIO ratios are therefore close to the ideal. As mentioned above, under most 
circumstances, the respiratory state of mitochondria is usually somewhere 
between states 3 and 4. In state 3, the PIO ratio will be the ideal, i.e. 2.5 (59), 
whereas in state 4 it will be close to 0 because there is no ADP to phosphorylate. 
Thus in reality, the PIO ratio will likely be considerably less than 2.5, with the 
precise value depending on the state of activation of the tissue. 

Brand et al (14) confirmed this finding by measuring PIO ratios in hepatic 
mitochondria at various respiration rates intermediate between states 3 and 4. 
They also calculated PIO ratios in hypothyroid and euthyroid hepatocytes 
respiring at less-than-maximal rates and observed only minor differences (14). 
If proton leak accounts for a significant proportion of oxygen consumption, 
then this leak could be increased by thyroid hormone without substantially 
changing the PIO ratio, provided the processes involved in producing A TP 
were also stimulated in parallel, which is exactly what Harper & Brand sug­
gested (54). Interestingly, in skeletal muscle and (to a lesser extent) heart, 
respiration rates are relatively low under basal conditions, the conditions in 
which the influence of thyroid state on metabolic rate is usually measured. 
Under these circumstances, respiration should be shifted in the direction of 
state 4. This shift should increase the significance of proton leakage as a 
contributor to respiration. 

Brand and colleagues have put forward interesting and provocative ideas 
about the control of respiration in general and by thyroid hormone in particular 
(14, 53). However, these ideas require confirmation using other experimental 
approaches before they are widely accepted. For example, Gregory & Berry 
(46) measured rates of gluconeogenesis and ureogenesis in hepatocytes taken 
from rats of different thyroid states. Assuming a PIO ratio of 3, they calculated 
the cost of the observed rates of synthesis and concluded that a T 3-dependent 
stimulation of noncoupled respiration occurred. This conclusion could still 
hold true if a PIO ratio of 2.5 were used. Thus, the debate as to whether thyroid 
state affects the efficiency of energy production has been reopened. 

TJ and Energy Usage 

Even if T 3 decreases the efficiency of oxidative phosphorylation, it also stimu­
lates increased production of ATP. This ATP must be consumed at a faster 
rate, or respiration will be limited owing to a reduced supply of ADP. The 
question then is as follows: Which of the ATP-consuming processes within 
the cell are stimulated by T 3, and to what extent do they contribute to the 
enhanced respiration? 

HEART WORK A familiar clinical consequence of hyperthyroidism is increased 
heart rate, which results in an enhanced ability to supply oxygen to tissues. 
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Cardiac output is approximately doubled in hyperthyroidism, and cardiac size 
and stroke volume are also increased (83). Direct effects of T3 on the heart 
have been demonstrated. For example, T3 stimulates the transcriptional rate of 
the a-myosin heavy chain (a-MHC) gene, with a concomitant inhibition of 
the � fonn (78). The promoter of the a-MHC gene has been well investigated 
and thyroid honnone response elements delineated (37, 77). Other cardiac 
genes also are affected directly by T 3, including stimulation of myosin ATPase 
and sarcoplasmic reticulum Ca2+-ATPase (30, 128). However, the influence 
of thyroid state on the heart appears to go beyond these direct effects. Klein 
and colleagues transplanted a second heart into a rat such that it was exposed 
to the circulation but under no hemodynamic load (84). The hypertrophy 
evident in the functioning heart upon thyroid hormone treatment was not seen 
in the transplanted heart, suggesting that at least some of the hormonal effects 
resulted from the increased work load. However, T 3 still affected the expression 
of specific genes in the unloaded heart (113). This observation demonstrates 
that the overall influences of thyroid state on the heart result from a combina­
tion of direct transcriptional effects and indirect stimulation of performance 
brought about by the increased load. This well-documented regulation of 
cardiac physiology provides an interesting parallel to the aforementioned mi­
tochondrial effects of T3, which also appear to result from the aggregate of 
the direct effects on some of the relevant genes and the indirect effects caused 
by the enhanced demand for ATP. 

The increased heart work, which can be attributed to both direct and indirect 
effects of T 3, will require ATP and enhanced oxygen consumption. Sestoft 
(141) assumed that cardiac oxygen consumption would be increased propor­
tionately to cardiac work and therefore suggested that as much as 30-40% of 
the thyroid hormone-dependent oxygen consumption could be attributed to 
the increased energy needs of the heart. Although this figure may be partially 
inflated because T3 also decreases systemic vascular resistance (83), the heart 
is likely a major contributor to the increased respiration in hyperthyroidism. 

ION PUMPING Maintaining ion gradients across cellular membranes is an 
energetically costly process, particularly for sodium and potassium. However, 
there are wide variations in the proportions of cellular energy consumption 
attributable to the cell membrane Na+,K+-ATPase (23). There are major dif­
ferences in the energetic significance of this process in different tissues. Claus­
en et al (23) ascribe less than 5% of total oxygen consumption in liver and 
heart of euthyroid animals and slightly more than 5% of total consumption in 
skeletal muscle of euthyroid animals to the Na+,K+-ATPase. Almost 50% of 
total oxygen consumption in brain and an even greater percentage of consump­
tion in kidney, where the enzyme functions to reabsorb sodium, are attributed 
to the Na+, K+-ATPase (23). In 1970, Ismail-Beigi & Edelman (74) showed 
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that the activity of this transporter was regulated by thyroid hormone and that 
it could account for as much as 90% of the T3-stimulated oxygen consumption 

in some tissues. They treated rats with thyroid hormones in vivo, removed 

tissues, and determined the extent to which the T3-dependent increment in 
oxygen consumption in vitro could be blocked by ouabain, a specific inhibitor 

of the Na+,K+-ATPase (74, 75). T3 was subsequently shown to increase ex­

pression of the genes encoding Na+,K+-ATPase (41), although whether this 
increase is a direct transcriptional effect of T 3 or secondary to an increased 
leak of sodium and potassium across the membrane (50) is unclear. 

The quantitative significance of cation transport for thyroid thermogenesis 

has been questioned. The use of tissue slices and homogenates in the original 
work (74, 75) might result in artificially high estimates of Na+,K+-ATPase 
activity because the damaged cell membranes would be exposed to extremely 
high concentrations of sodium, resulting in maximal rates of pump operation 

(23, 141). Furthermore, long-term incubation of preparations with ouabain may 
also lead to artificially high estimates of pump energetics because changes in 
intracellular sodium and potassium would depress oxygen consumption (23, 

111). Measurements using more intact preparations suggest much lower con­
tributions, i.e. in the range of 5-10%, of this process to thyroid thermogenesis 
(23, 141), although some studies with hepatocytes have indicated values ap­
proaching 30% (111). At any rate, the energy costs of the Na+-K+-ATPase 
clearly do not constitute the major determinant of thyroid hormone thermo­
genesis but rather form one part of a much broader set of actions. 

SUBSTRATE CYCLES Another well-known characteristic of thyroid hormone 
is its effect on the metabolism of all macronutrients. Hyperthyroidism is asso­

ciated with stimulation of both anabolic and catabolic processes. The enhanced 

flow through these substrate cycles appears energetically wasteful and clearly 
contributes to the increased heat production caused by thyroid hormone (109). 

Lipid Metabolism Thyroid hormone stimulates fatty acid synthesis, particu­
larly in liver but also in several other tissues of the rat (11, 26, 29, 39). This 
stimulation is the result of the coordinate induction of the expression of genes 
encoding the enzymes of fatty acid synthesis, as well as those genes responsible 
for generating the necessary reducing equivalents (29,44, 119, 129). 

The first increase in hepatic lipogenesis is not seen until 12-16 h after 
hormone injection; maximal levels are reached after -4 days (39). This time 
course is quite similar to that of oxygen consumption following T 3 treatment 
(3, 150). The ATP costs of thyroid-dependent lipogenesis can be calculated 
using equations generated by Flatt (35) and then converted to an oxygen 
requirement. When these values were divided by the changes in total oxygen 
consumption seen in similar animals, a contribution of 5-10% for the process 
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of fatty acid synthesis was calculated (39). From a subsequent study that 
determined energy expenditure using measurements of caloric balance, in­
vestigators concluded that the energy costs of additional lipogenesis accounted 
for only 3-4% of the increment in energy output in the transition from 
euthyroidism to hyperthyroidism (1 18). Thus fatty acid synthesis per se does 
not appear to contribute significantly to the calorigenic actions of thyroid 
honnone. 

Several additional pathways of fatty acid metabolism are responsive to 
thyroid hormone (62). Anabolically, thyroid hormone stimulates fatty acid 
chain elongation and de saturation (62, 88), as well as esterification into phos­
pholipids and triglycerides (52, 62, 129, 160). This latter role is somewhat 
controversial; in perfused liver there is an inverse relationship between thyroid 
state and triglyceride export (82, 87). However, in perfused liver one does not 
have the enhanced substrate supply. including free fatty acids and glycerol, 
associated with the hyperthyroid state (52). Because fatty acid oxidation is 
also stimulated by hyperthyroidism (see below), competition between this 
process and esterification may limit the activity of both pathways if substrate 
supply is not enhanced. 

Lipolysis is also positively correlated with thyroid state. T 3 enhances 
lipolysis by increasing the sensitivity of the process to catecholamines (27, 28, 

34). These hormones interact with membrane receptors to enhance intracellular 
levels of cyclic AMP, which results in the activation of honnone-sensitive 
lipase and thereby lipolysis. T 3 may augment this signal either by enhancing 
amounts of proteins in the membrane signaling pathway (127) or by reducing 
the activity of phosphodiesterase (155). In humans, hyperthyroidism is asso­
ciated with enhanced levels and increased turnover of plasma free fatty acids, 
thus accounting for the finding that fatty acids constitute the principal fuel in 
this state (31, 52). In the rat, lipolysis is required to fuel Trinduced thermo­
genesis, at least early after honnone treatment before an increase in food intake 
occurs (118). In addition to promoting lipolysis, T3 also stimulates the oxida­
tion of these fatty acids by increasing the activity of carnitine palmitoyl 
transferase. the enzyme responsible for transporting fatty acids into the mito­
chondria (62, 145). 

Various authors have noted that the production of fatty acids by lipolysis 
exceeds their rate of oxidation in humans (31, 52, 141). The balance is pre­
sumably reesterified in a futile cycle; Sestoft has estimated the energy costs 
of this process to be as much as 15% of the hyperthyroid increment in oxygen 
consumption in humans (141). He assumed that this process occurred primarily 
within adipose tissue because the data discussed previously indicated a nega­
tive effect of hyperthyroidism on triglyceride production in the perfused liver. 
However._others have suggested a key role for the liver in this process (52). 

and an adipose tissue/liver cycle appears more likely. 
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Carbohydrate Metabolism Sestoft (141) has argued that carbohydrate sub­
strate cycles, specifically gluconeogenesis, are insignificant in thyroid hormone 
thermogenesis. This conclusion is based largely on the lack of effect of hyper­
thyroidism on the activity of fructose bis-phosphatase in rat and human liver 
(103, 112) and on perfusion experiments in which the increased gluconeogene­
sis observed in hyperthyroid vs euthyroid preparations was not seen when free 
fatty acids were included in the perfusate (4). However, several studies, sum­
marized and reviewed by Muller & Seitz (102), have subsequently shown 
increased endogenous production and utilization of' glucose in hyperthyroid 
rats and humans. For example, tracer studies in rats have shown that both the 
Corl cycle (glucosenactate/glucose) and the glucose/glucose-6-phosphate sub­
strate cycle are increased in hyperthyroidism and decreased in hypothyroidism 
(71, 114). Similarly, both radio- and stable isotope studies in humans have 
revealed significant thyroid hormone-dependent glucose substrate cycling 
(100, 142). The quantitative contribution of these processes to thyroid thermo­
genesis has been estimated at 10% for the rat (71). In humans, different 
investigators have measured some but not all of the glucose substrate cycles 
and have given estimates of up to 2% of BMR for various cycles (100, 142). 

In the case of lipid metabolism, extensive evidence, reviewed above, indi­
cates that the effects of thyroid hormone on lipogenesis are dependent on 
receptor-mediated alterations in gene expression. For carbohydrate metabo­
lism, fewer data are available. However, Loose et al have shown that T3 
stimulates the expression of the phosphoenolpyruvate carboxykinase gene (95), 
and Giralt et al have demonstrated the presence of a thyroid hormone response 
element in the promoter of this gene (42). As discussed above, very rapid 
effects of thyroid hormone on glucose uptake have been reported (138). In 
addition, T 3 increased gluconeogenesis from alanine in the isolated perfused 
rat liver in a matter of minutes (101). Whether these findings are associated 
with the long-term changes in oxygen consumption and the substrate utilization 
seen in vivo is not yet apparent. Interestingly, Shulman et al found that thyroid 
hormone failed to increase glucose substrate cycling after one week of treat­
ment in hypothyroid individuals (142), suggesting that these phenomena rep­
resent long-term, perhaps secondary, effects of the hormone. 

Protein Metabolism In addition to increasing the transcriptional rate of a 
specific set of mRNAs in target tissues, thyroid hormone has a more general­
ized stimulatory effect on total RNA synthesis (143, 151). Thyroid hormone 
also increases RNA levels in muscle, which results in higher levels of protein 
synthesis (19). This finding has been well documented in both cardiac and 
skeletal muscle (19, 83). However, T3 also stimulates protein degradation such 
that clinical thyrotoxicosis may be associated with a myopathy (125). This 
accelerated rate of tissue renewal is likely to be energetically expensive (25), 
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although the calculation of the A TP costs of these processes is rather complex. 
Recalculation of values given by Flatt (35) suggests an energy cost of 1 kcal 
per gram of protein synthesized. In humans, this would translate to an energy 
cost of 75 kcal, given a 25% stimulation of normal protein synthetic rates of 
300 g/day, which would probably represent 5-10% of the thyroid-dependent 
portion of metabolic rate. 

THYROID HORMONE, THERMOGENESIS, AND 
EVOLUTION 

Thyroid hormones and the receptors that mediate their actions are present in 
all vertebrate species studied to date ( 158). The ability of thyroid hormones 
to stimulate thermogenesis nonetheless is restricted to the homeothermic spe­
cies, i.e. birds and mammals, which evolved more than 200 million years ago. 
The function of thyroid hormones in species that evolved earlier is only 
partially understood. However, thyroid hormones likely play an important role 
in developmental processes, as illustrated most dramatically by the changes 
accompanying amphibian metamorphosis (40). The developmental actions of 
thyroid hormone are retained by homeotherms along with the more recently 
acquired functions of stimulating thermogenesis ( 135). 

The ability of thyroid hormone to stimulate lipogenesis and lipolysis prob­
ably also developed at the time that the homeotherms evolved. Thus, malic 
enzyme activity is present in fish liver but is not affected by thyroid hormone 
administration ( 158). Many of the thyroid hormone effects on mitochondrial 
function may be dependent on changes in membrane lipid composition ( 15, 
62). We can reasonably suppose that the mechanisms allowing these membrane 
effects to occur are similarly undeveloped in poikilotherms, which explains 
why metabolic rate is unaffected by thyroid hormone in these species. 

The concomitant evolution of thermogenesis, lipogenesis, and lipolysis may 
be of adaptive value to homeotherms ( 1 18). As pointed out above, the per­
centage contribution of lipogenesis to total energy utilization of the rat is 
relatively small. However, total thyroid hormone-supported thermogenesis in 
the euthyroid rat is increased -50% over values registered in hypothyroid 
animals (3, 1 50). This increase in the normal set point for energy metabolism 
in the euthyroid animal therefore requires a corresponding increase in caloric 
intake and an ability to store caloric reserves in the form of fat depots for rapid 
release on sudden demand. Estimates of lipid turnover in rats in the transition 
between the euthyroid and hyperthyroid states suggest that thyroid hormone 
administration results in a two- to threefold increase in fractional lipid turnover 
( 1 18). A similar increase may well occur in the transition between the hy­
pothyroid and euthyroid states. For fat depots to be maintained at physiologi­
cally required levels, lipogenesis must increase proportionately. This require-
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ment may explain the concurrent increase in thermogenesis, lipolysis, and 
lipogenesis in the transition between the hypothyroid and euthyroid states and 
potentially account for the use of the thyroid hormone system to achieve these 
changes in the evolution of homeothermic species. 

Of interest in this regard is that the thyroid hormone-induced increase in 
lipogenesis appears to be activated by T3 before any increase in oxygen con­
sumption is observed. The mRNA for the 514 protein, which is believed to be 
intimately involved in lipogenesis, rises within 20 min of injection of T3 (80), 
whereas increases in oxygen consumption are delayed -24 h. These considera­
tions suggest that the increase in lipogenesis is activated directly by T 3 rather than 
secondarily as a metabolic consequence of augmented thermogenesis. 

CONCLUSIONS 

In the past two decades, multiple converging lines of evidence have provided 
convincing data that thyroid hormones initiate their actions by interacting with 
specific nuclear receptors and that such T 3-receptor complexes in tum interact 
with trans-acting factors at designated response elements of target genes. 
Whether nonnuclear pathways are also involved in this process remains to be 
determined. Despite gratifying progress at the molecular level, many of the 
central questions pertaining to the thermogenic actions of the thyroid hormones 
remain unanswered. The effects of thyroid hormone on cellular systems rele­
vant to thermogenesis are summarized in Figure 3. We are still uncertain as 
to the relative contributions made by specific organs or metabolic processes 
to the total increase in oxygen consumption. The possibility that respiration 

MITOCHONDRIA 

LIPIDS 

C A R B O H Y D RATES 

( N U C L E U S ) 
P R OTE I N S  

I O N  TRANSPORT 

M U S C L E  

Figure 3 Mechanisms underlying the sti mulation of oxy gen consumpti on by thyroi d hormone. 
T3, ac ting vi a i ts nuc lear rec eptors, regulates the levels of proteins required for the synthesis and 
breakdown of mac ronutrients, for ion transport, and for musc le contraction. Both the synthesis and 
operation of these proteins c onsume A T P  and therefore stimulate respiration. Thyroid state also 
affec ts mitoc hondrial function by c hanging the membrane lipid composition and by altering the 
level of mitoc hondrial protei ns enc oded by both the mitochondri al and nuc lear genomes. 
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may not be tightly coupled has had a profound effect on these calculations, 
and reaching a new consensus on the influence of T 3 on the efficiency of 
oxidative phosphorylation should be a priority. Although the actions illustrated 
in Figure 3 have been drawn in parallel, which thyroid hormone effects are 
mediated directly by T3 and its receptors at the nuclear level and which 
represent the indirect effects of as yet unidentified primary targets remain 
unclear. However, the diverse thyroid hormone effects observed likely result 
from evolutionary pressures to meet the specific needs of the organisms. 

Any Annual Review chapter, as well as any article cited In an Annual Review chapter, 
may be purchased from the Annual Reviews Preprlnts and Reprints service. 

1.800·347.8007; 415.159·5017; email: arpr@ciass.org 
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