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Clinical Principles

Physiologic Principles

There is a popular belief, even among physicians, that weight
changes are frequent manifestations of thyroid dysfunction.

Thyroid hormones increase heat production only in
homeothermic species.

Thyrotoxicosis is usually associated with weight loss and heat
intolerance. Cold intolerance, but not weight gain, is a
prominent feature of hypothyroidism.

Thermogenesis is energy dissipation as heat.
The thermogenic effect of thyroid hormones is closely linked
to increased appetite and lipogenesis to ensure fuel
availability and avoid wasting.
Major thermogenic mechanisms include increased turnover of
adenosine triphosphate (ATP) and programmed reduction
in the efficiency of ATP synthesis.
Reduced efficiency in ATP synthesis is relatively more
important than increased ATP turnover in the transition
from hypothyroidism to euthyroidism.

C

linicians are very familiar with cold or heat intolerance
in patients with altered thyroid function. While nonspecific, these symptoms have some predictive value in the
diagnosis of thyroid dysfunction. Involuntary changes in
weight are also perceived as indicators of abnormal thyroid
function, often prompting laboratory testing of thyroid
gland function. Most of the clinical manifestations of thyroid dysfunction in adults are directly or indirectly derived
from the stimulating effect of thyroid hormone on thermogenesis and energy turnover. Even so, the relationship between these effects and energy balance and body weight is
not simple. This review examines the thermogenic effect of
thyroid hormone and how it affects some of the manifestations of hypo- and hyperthyroidism, energy balance, and
body weight.

BASIC DEFINITIONS
POIKILOTHERMY

OF

HOMEOTHERMY

AND

Evolutionary development of homeothermy was an
important biological advance because it allowed animal life
to expand into environments with temperatures markedly
different from those of the body. Tight control of body

temperature homeostasis required the selection of several
different mechanisms in the course of evolution that are
activated whenever the body’s basal heat production is insufficient or excessive. This maintains the core temperature
at its setting. Reflecting the fact that the habitat is usually
colder than the body, a mainstay of homeothermy is the
inherent capacity of homeothermic species to constantly
generate more heat than poikilothermic animals.
Heat production, or thermogenesis, is customarily divided into two types: obligatory and facultative. Obligatory
thermogenesis can be viewed as the constitutive heat production of homeothermic species (Figure 1). Obligatory
thermogenesis is well reflected in the so-called basal metabolic rate or the less strict but more practical resting energy
expenditure, which are measured under conditions that
eliminate the energy cost of physical activity, emotional
distress, temperature adaptation, and food processing. Two
components can be distinguished in obligatory thermogenesis. As machines involved in energy transformations, and
as a result of the fundamental laws of thermodynamics,
living organisms generate some heat. This is the heat derived from the minimal energy cost of living and is not suf-
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Figure 1. The various forms of thermogenesis in homeothermic
species.

The horizontal line on the right vertical axis indicates that body temperature stays constant, independent of the environment. Thermoneutrality
temperature, indicated on the x-axis, is the ambient temperature at which
obligatory thermogenesis is sufficient to maintain body temperature
without the participation of thermoregulatory mechanisms. In humans,
this temperature is approximately 23 °C. See text for details.

ficient to maintain body temperature in cold environments. Homeothermic species need to produce more heat
than poikilotherms, and they do so. When it results from
basal metabolic activity, this excess heat is known as basal
thermogenesis.
As illustrated in Figure 1, basal thermogenesis is independent of ambient temperature. Two differences between
homeothermic and poikilothermic machines explain basal
thermogenesis. First, homeothermic species have a more
active metabolism, that is, they sustain a higher number of
energy transactions per unit of time (1). Second, a larger
fraction of energy involved in these transactions is dissipated as heat, that is, the homeothermic machine has a
lower thermodynamic efficiency. For example, for the same
amount of mechanical work, the mammalian muscle generates more heat than its reptilian or amphibian counterpart (2).
If obligatory thermogenesis becomes insufficient to
maintain body temperature, the body activates heat-conserving mechanisms (cutaneous vasoconstriction, piloerection) and recruits additional thermogenic mechanisms.
These latter mechanisms constitute what is called adaptive
thermogenesis. Skeletal muscle shivering is the most immediate thermogenic response to a cold environment. If cold
is sustained, this form of adaptive thermogenesis is rapidly
replaced by so-called nonshivering facultative thermogenesis, or simply facultative thermogenesis.
Facultative thermogenesis is in essence extra heat, produced on demand from the metabolic activity in certain
tissues (for example, brown adipose tissue, skeletal muscle).
206 5 August 2003 Annals of Internal Medicine Volume 139 • Number 3

Facultative thermogenesis of brown adipose tissue is stimulated by the sympathetic nervous system (by mechanisms
explained later), which is activated in the hypothalamus in
response to signals originating from temperature sensors in
the skin. The magnitude of facultative thermogenesis increases steeply as the environment turns colder (Figure 1).
On the other hand, as ambient temperature becomes
warmer, a point is reached at which obligatory thermogenesis is sufficient to maintain body temperature without facultative thermogenesis or ancillary heat-conserving or heatdissipating mechanisms. This is called thermoneutrality
temperature (Figure 1). It follows from this concept that
the lower obligatory thermogenesis is, the higher thermoneutrality temperature will be, while if obligatory thermogenesis is high, colder environments will be needed to activate facultative thermogenesis. Thus, by having higher
basal thermogenesis and hence higher obligatory thermogenesis, homeothermic species could stay in environments
much colder than the body temperature without needing
to activate thermoregulatory mechanisms to maintain their
core temperature.
Size, which affects the body surface area-to-volume ratio, also helps determine thermoneutrality temperature.
Thus, while thermoneutrality temperature is 23 °C in an
adult man, it is 28 °C in rats. Likewise, human newborns
and infants have higher thermoneutrality temperatures
than adults, which explains why brown adipose tissue is so
important for temperature homeostasis at this age. Smaller
size and immaturity of thermoregulatory mechanisms explain why risk for hypothermia is higher in premature babies than in full-term newborns (3). In addition to being
activated by cold, facultative thermogenesis can be activated by food, providing a mechanism to dissipate excess
calories. Dumping excess food calories as heat may be a
later acquisition in evolution.

THYROID HORMONE ACQUIRES A NEW ROLE
THE ADVENT OF HOMEOTHERMY

WITH

Strong evidence supports an essential role for thyroid
hormone in the thermogenesis of warm-blooded species. It
has been proposed that the greater thermogenic capacity of
the homeothermic biological machine is the result of more
active thyroid glands than those in poikilothermic species
(4). However, as discussed later, the difference is more
qualitative than quantitative (5).
The thyroid gland is present in all vertebrates, and
thyroid hormone receptors are found in species as primitive as the sea lamprey (6). Throughout the vertebrate spectrum, thyroid hormone plays an essential role in coordinating development and specific cell functions. However, only
in homeothermic species does it acquire a role in metabolic
regulation. Only in these species can thyroid hormone increase oxygen consumption and stimulate the activity of
certain enzymes involved in metabolic regulation (6).
The effect of thyroid hormone on basal metabolic rate
www.annals.org
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Figure 2. Energy transformations in biological systems.
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tissue in hypothyroidism, protect the brown adipose tissue
T3 content in hypothyroidism, which must be severe to
deplete brown adipose tissue of T3 (14).
Together, this clinical and experimental evidence supports an essential role for thyroid hormone in both obligatory thermogenesis and facultative thermogenesis. However, two major questions remain unanswered: 1) How did
thyroid hormone acquire this thermogenic role during evolution? 2) What biochemical and molecular mechanisms
are activated by thyroid hormone to produce heat?

THERMOGENIC MECHANISMS
The energy released from substrate oxidation is captured in adenosine
triphosphate (ATP) and then transferred from this molecule to others to
provide energy for the biological processes. A fraction of the energy
involved both in the synthesis of ATP and in its utilization is lost as heat.
While this fraction is low and constant in ATP utilization, the fraction
dissipated as heat in ATP synthesis is higher and apparently subject to
regulation. Thyroid hormone increases heat production by increasing
ATP utilization and by reducing the thermodynamic efficiency of ATP
synthesis. See text for details. ADP ⫽ adenosine diphosphate; P ⫽ inorganic phosphate; T3 ⫽ triiodothyronine.

was recognized more than a century ago (7). In the complete absence of thyroid hormone, basal metabolic rate or
resting energy expenditure could be reduced by 30% or
more, a change associated with markedly reduced cold tolerance. This indicates that as much as 30% of obligatory
thermogenesis depends on thyroid hormone and that this
fraction of obligatory thermogenesis is essential for temperature homeostasis. In addition, thyroid hormone is important for facultative thermogenesis; in the absence of this
hormone, the thermogenic response of brown adipose tissue, the major site of facultative thermogenesis in mammals, is substantially reduced (8, 9). The reduced obligatory thermogenesis in hypothyroidism is partially
compensated by cutaneous vasoconstriction (10, 11),
which is perceived as cold and causes increased sympathetic
stimulation of brown adipose tissue. Yet, despite showing
signs of increased sympathetic stimulation in chronically
hypothyroid rats (12), brown adipose tissue fails to produce sufficient heat to maintain body temperature, so that
hypothyroid animals rapidly develop hypothermia in cold
environments (9).
Another evidence of the importance of thyroid hormone for thermogenic function of brown adipose tissue is
the abundant presence of type II 5⬘ iodothyronine deiodinase (D2). This enzyme is stimulated by the sympathetic
nervous system when brown adipose tissue thermogenesis
is needed, increasing the intracellular concentration of triiodothyronine (T3) to receptor-saturating levels. These
high levels of T3 are needed to realize the thermogenic
potential of brown adipose tissue (9, 13). In addition, D2
activity is increased in hypothyroxinemia. This, along with
the increased sympathetic stimulation of brown adipose
www.annals.org

Nature has resorted to two mechanisms to augment
heat production in homeothermic species, namely increasing energy transactions and lowering thermodynamic efficiency (Figure 2). The energy contained in food is captured largely in the form of adenosine triphosphate (ATP),
which is then used to sustain virtually all vital processes
and can be considered the “energy currency” of the body.
Both in the synthesis of ATP and in its utilization, a fraction of the energy going into these transformations is lost
as heat. Therefore, all else being equal, more ATP use will
result in more heat production (15). In addition, growing
evidence supports the concept that the fraction of energy
dissipated as heat in energy transactions can be regulated to
respond to temperature or energy homeostasis needs (16).
Of the two arms, ATP synthesis and ATP utilization,
the transfer of energy from ATP to sustain vital functions
(that is, ATP utilization) seems to be quite efficient, and
Figure 3. Mechanism of action of uncoupling proteins (UCPs)
and uncouplers in general.

The energy released in the oxidation of substrates in the mitochondria is
transiently accumulated in the form of a proton (H⫹) gradient created as
the electrons from the oxidized substrate are transferred downstream
along the respiratory chain. The energy accumulated in this gradient is
used by the adenosine triphosphate (ATP) synthase to produce ATP
from adenosine diphosphate (ADP), which is an endothermic reaction.
Uncouplers reduce this gradient, bypassing the ATP synthase. The
movement of protons down the gradient is an exothermic process. Uncoupling proteins, the best known and best characterized of which is the
brown adipose tissue UCP (now called UCP1), allow the protons to
reenter the mitochondria in a regulated manner. P ⫽ inorganic phosphate.
5 August 2003 Annals of Internal Medicine Volume 139 • Number 3 207
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there is no evidence that the comparatively low amount of
heat generated in this type of process is under-regulation
for the sake of temperature homeostasis. On the other hand,
the thermodynamic efficiency of ATP synthesis is not as
high as that of ATP utilization, and the heat released here
may contribute largely to basal thermogenesis. Regulated
reduction in the efficiency of ATP synthesis has long been
known to occur in brown adipose tissue. As mentioned
earlier, this is a thermogenic tissue that is probably the
most important site of facultative thermogenesis in small
mammals, including the human newborn and infant (17).
Brown adipose tissue contains in its abundant mitochondria a unique protein called thermogenin, or uncoupling protein (UCP), that mediates a homeostatically controlled reduction of the coupling of ATP synthesis to
oxidations in this tissue (18). During mitochondrial respiration, protons are extruded from the matrix into the intermembrane space by the respiratory chain enzymes (Figure 3). This creates a gradient between intermembrane
space and the mitochondrial matrix. Such proton gradient
or proton motive force provides the energy for ATP synthesis from adenosine diphosphate and inorganic phosphate, catalyzed by ATP synthase. Uncoupling protein acts
as a regulated proton port, allowing return of protons from
the intermembrane space back into the mitochondrial matrix. When open, this proton port decreases the proton
motive force, reducing the energy available for ATP synthesis (Figure 3). The return of protons to the matrix following the electrochemical gradient is an exothermic process. On the other hand, the rate of oxidations in the
mitochondria varies inversely with the magnitude of the
electrochemical gradient, so that mitochondrial respiration
rate will increase as the gradient is reduced and decrease as
the gradient builds up. Therefore, the activation of UCP
will accelerate respiration; a higher proportion of the energy released during the process is now dissipated as heat,
and a smaller proportion per atom of oxygen consumed is
used for ATP synthesis. The activation or opening of UCP
to protons is accomplished by fatty acids liberated as a
result of the sympathetic stimulation of hormone-sensitive
lipase in brown adipose tissue (18).
Brown adipose tissue is a relatively recent acquisition
in evolution, present only in mammals. Since brown adipose tissue was the only tissue in which uncoupling of
phosphorylation could be readily demonstrated, the presence of a regulated proton leak in non– brown adipose
tissue mitochondria has been only recently considered (19).
Now that UCP analogues have been cloned from other
tissues, it has become apparent that uncoupling of ATP
phosphorylation is indeed an ancient thermogenic mechanism to the extent that UCP analogues have also been
found in plants (20) and in birds, homeothermic species
that do not have brown adipose tissue (21); however, the
role of UCP analogues in plants has yet to be defined.
208 5 August 2003 Annals of Internal Medicine Volume 139 • Number 3

THERMOGENIC MECHANISMS USED
HORMONE

BY

THYROID

Hyperthyroidism is evidently associated with an increase in metabolic rate and an acceleration of practically
all the metabolic pathways, with a consequent increase in
ATP turnover and heat production. For all three macronutrients, namely proteins, carbohydrates, and lipids, both
synthetic and catabolic pathways are accelerated. The contribution of this accelerated metabolic cycling, however,
accounts for a small percentage of the thermogenic effect of
thyroid hormone, altogether probably not more than 15%
(22). However, thyroid hormone also increases ATP consumption by other mechanisms. The maintenance of the
Na/K gradient across the cell membrane and Ca2⫹ between the sarcoplasmic reticulum and cytosol is essential to
cell health and accounts for substantial energy use. Thyroid
hormone stimulates these processes in various ways. It
tends to reduce these gradients as a consequence of the
accelerated metabolism, hence increasing the demands for
ATP to maintain them. For example, since the Na gradient
across the cell membrane is used to transport nutrients
inside the cell and thyroid hormone increases such exchange, more ATP is needed to maintain the gradient in
hyperthyroidism. Likewise, by causing tachycardia, thyroid
hormone forces the myocardial sarcoplasmic reticulum
Ca2⫹ pump to work more, that is, to use more ATP to
restore resting cytosolic Ca2⫹ per unit of time. Thyroid
hormone also stimulates the expression of corresponding
ionic pump genes, the Na/K ATPases and sarcoplasmic Ca
ATPases. Finally, it is possible that thyroid hormone creates or favors “leaks” across the plasma and endoplasmic
reticulum membranes, which would accomplish the biological purpose of increasing ATP utilization in a futile
manner to generate heat.
The increased energy spent in the maintenance of
these gradients has received considerable attention as a
thermogenic mechanism (23), but the estimates of the contribution of these mechanisms to overall energy expenditure vary widely (15). A careful study in isolated rat hepatocytes showed that oxygen consumption is reduced to a
greater extent than ATP turnover in the hypothyroid state,
whereas hyperthyroid hepatocytes showed a similar increase in both ATP turnover and oxygen consumption
(24). These findings were interpreted as an indication that
an important fraction of the thermogenic effect of thyroid
hormone was caused by reducing the thermodynamic efficiency of ATP synthesis, that is, controlled uncoupling of
ATP phosphorylation, particularly in the transition from
hypothyroidism to euthyroidism (24). These authors provided evidence that thyroid hormone increased a proton
leak in a regulated manner across the inner mitochondrial
membrane (25). Such observations further support the idea
that thyroid hormone could decrease the thermodynamic
efficiency of the biological homeothermic machine for the
sake of increasing thermogenesis. Previous independent
www.annals.org
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observations are consistent with this concept. It has been
shown, for example, that for any amount of mechanical
work, a euthyroid rat muscle generates more heat than its
hypothyroid counterpart (26); likewise, the energy cost of
producing glycogen from lactate is higher in euthyroid
than in hypothyroid hepatocytes (4).
The mechanism of the increased proton leak stimulated by thyroid hormone remains unexplained. It was
thought that the cloning of brown adipose tissue UCP
homologues in other tissues, the most important being
UCP2 and UCP3, would explain this part of the thermogenic effect of thyroid hormone. These newly cloned UCPs
are 58% homologous to brown adipose tissue UCP (which
has been dubbed UCP1 since the cloning of new UCPs).
Uncoupling protein 2 and UCP3, like UCP1, are found in
the inner mitochondrial membrane and can reduce the
proton gradient but, in contrast with UCP1, have a more
ubiquitous distribution. However, studies in mice lacking
the ucp2 or ucp3 gene do not support the concept that
these two proteins mediate the thyroid hormone– dependent mitochondrial proton leak. Such experimental models
do not show gross energy balance or thermoregulatory
problems and seem to increase metabolic rate normally in
response to thyroid hormone (27, 28). On the other hand,
these negative results should not be readily accepted as
definitive. Experiments in transgenic animals with gene
knockouts have shown that nature is rich in backup mechanisms, and a compensated thermogenic defect in mice
lacking the ucp2 or ucp3 gene has not been excluded.
Thyroid hormone could also decrease the efficiency of
ATP synthesis through the glycerol 3-phosphate (G3P)
shuttle. Oxidations occurring in the cytoplasm ultimately
reduce nicotinamide–adenine dinucleotide (NAD) to
NADH, which does not enter the mitochondria and has
thus to be oxidized back to NAD through the so-called
NADH shuttles. There are two of these, namely the
malate–aspartate and G3P shuttles, which regenerate NAD
by transferring the reducing equivalents, H⫹ and e⫺, into
the mitochondria, the former at the NADH dehydrogenase
level, the latter one step below, at the flavin–adenine dinucleotide (FAD) level of the respiratory chain (29). Thus,
for each pair of electrons (or atom of oxygen reduced to
H2O), the use of the malate–aspartate shuttle results in the
generation of three ATP molecules, whereas the use of the
G3P shuttle generates only two. The rate-limiting enzyme
in the G3P shuttle is the mitochondrial G3P dehydrogenase (mGPD), which is in the inner mitochondrial membrane and uses FAD as a coenzyme. It has long been
known that this enzyme is stimulated by thyroid hormone,
but only in the tissues and species in which thyroid hormone increases oxygen consumption. Furthermore, there is
a good correlation between the level of stimulation of oxygen consumption and that of mGPD when thyroid hormone is given to hypothyroid rats (30, 31). In theory, the
preferential use of this shuttle will result in less ATP produced per atom of oxygen, but the overall impact will
www.annals.org
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depend on the extent to which NADH and G3P are generated in the cytoplasm. The possibility that mGPD plays
a role in thyroid hormone thermogenesis is currently being
investigated in our laboratory, in mice with deletion of the
mGPD gene. Of course, it is possible that mGPD is important for adjusting the cells to accommodate other demands
imposed by the actions of thyroid hormone but is not
essential to the hormone’s thermogenic effect.
In summary, thyroid hormone increases basal thermogenesis, and therefore obligatory thermogenesis, by accelerating ATP turnover and reducing the efficiency of ATP
synthesis. Reduced efficiency of ATP synthesis seems to
account for most of the effect in the transition from hypothyroidism to euthyroidism; however, in the transition
from the euthyroid to the thyrotoxic state, increased ATP
use becomes relatively more important. Although the molecular mechanisms remain to be identified, increasing evidence favors the idea that thyroid hormone uses not one
but several means to accomplish its thermogenic role.
For many years, it was assumed that thyroid hormone
stimulated only obligatory thermogenesis, a concept that
has been challenged only recently. When the essential role
of brown adipose tissue in facultative thermogenesis became evident, the effect of thyroid hormone on the function of this tissue was promptly investigated. Thyroid hormone was indeed proved necessary for an efficient response
of brown adipose tissue to cold, but further analysis
showed that brown adipose tissue of hypothyroid rats appeared to be under increased sympathetic stimulation (12).
The induction of thyrotoxicosis did not further enhance
UCP activation but reduced its activity (32). Such observations gave rise to the concept that thyroid hormone plays
a permissive role in brown adipose tissue thermogenesis.
The subsequent discovery of D2 in brown adipose tissue
and its activation by the sympathetic nervous system and
inhibition by hyperthyroxinemia (33) provided an explanation for those findings. Moreover, it was precisely the
experimental manipulation of D2 that allowed researchers
to show the importance of locally generated T3 in brown
adipose tissue for the UCP response to adrenergic stimulation, and thus for cold adaptation (13). It was later found
that T3 directly stimulated the rat ucp gene, acting on a
discrete, separate sequence from which it interacted synergistically with cyclic adenosine monophosphate– dependent signals to cause maximal stimulation of the gene (34).

RESTING ENERGY EXPENDITURE IN HUMANS IS HIGHLY
SENSITIVE TO THYROID HORMONE
It has recently been reported that resting energy expenditure, a good measure of obligatory thermogenesis, is
remarkably responsive to thyroid hormone around the euthyroid state in humans (35). In athyreotic patients who
maintained a euthyroid state by taking exogenous thyroxine (T4), minimal changes in daily dose to ensure that
serum concentrations of free T4 moved within the normal
5 August 2003 Annals of Internal Medicine Volume 139 • Number 3 209
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Figure 4. Correlation between resting energy expenditure (REE),
which largely reflects obligatory thermogenesis, and
thyroid-stimulating hormone (TSH) in hypothyroid patients
receiving maintenance L-thyroxine replacement therapy.

P ⬍ 0.001) (35) (Figure 4). Such levels of thyroid-stimulating hormone are well within those seen in subclinical
thyroid dysfunction. Moreover, it has been subsequently
reported that spontaneous fluctuations in free T4 concentration in lean normal men are also associated with significant changes in resting energy expenditure (36).

THYROID HORMONE THERMOGENESIS IS LINKED
LIPOGENESIS AND INCREASED FOOD INTAKE

Resting energy expenditure has been corrected by lean body mass or fatfree mass (FFM). After the initial evaluation, the dose of L-thyroxine was
slightly changed to move the TSH level around the normal range. In the
top panel, r ⫽ 0.92 and P ⬍ 0.001; in the bottom panel, r ⫽ 0.82 and
P ⬍ 0.007. See reference 35 and the text for details. Adapted with permission from al-Adsani H, Hoffer LJ, Silva JE. Resting energy expenditure is sensitive to small dose changes in patients on chronic thyroid
hormone replacement. J Clin Endocrinol Metab. 1997;82(4):1118-25;
copyright owner, The Endocrine Society.

range were associated with clearly detectable changes in
resting energy expenditure. However, no changes were detected in measures of thyroid hormone action used clinically, such as levels of low-density lipoprotein cholesterol,
sex hormone– binding protein, or angiotensin-converting
enzyme. Yet thyroid-stimulating hormone, the most sensitive marker of thyroid hormone action, correlated inversely
and closely with resting energy expenditure. For a maximal
excursion of thyroid-stimulating hormone between 0.05
and 10 mU/L induced by the change in L-thyroxine dose,
resting energy expenditure changed by 15% (r ⫽ 0.82;
210 5 August 2003 Annals of Internal Medicine Volume 139 • Number 3
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Despite the sensitivity of resting energy expenditure to
thyroid hormone stimulation, the transition from hypothyroidism to euthyroidism is not associated with wasting.
Patients with mild hyperthyroidism, endogenous or iatrogenic (for example, patients with thyroid cancer treated
with a slight excess of thyroid hormone), do not lose
weight. This is probably because the thermogenic effect of
thyroid hormone is coupled to increased food intake and
lipogenesis. It is well known that hyperthyroid patients
have increased appetite. In addition, thyrotoxic rats eat
more, have increased lipogenesis, and predominantly burn
fat (22). Such a relationship is obviously advantageous;
without it, the thermogenic effect of thyroid hormone
would be wasting and probably would have been eliminated during evolution. The role of increased appetite in
maintaining weight in the presence of accelerated metabolism can clearly be seen in the accelerated weight loss that
occurs when food intake is limited in hyperthyroidism
(37). Increased lipogenesis, on the other hand, secures fuel
for heating the body, thus preventing thermogenesis from
depleting fat stores and body protein. Like thermogenesis,
the lipogenic effect of thyroid hormone is demonstrable
only in warm-blooded species. For example, malic enzyme,
a key enzyme in the synthesis of fatty acids, is vigorously
stimulated by T3 in the homeothermic rat but not in the
poikilothermic trout (6). The coupling between lipogenesis
and thermogenesis is also evident in the tissues of a given
species, so that thyroid hormone stimulates lipogenesis
only in tissues in which it stimulates thermogenesis. For
instance, even though thyroid hormone is essential for
brain development and function, it stimulates neither oxygen consumption nor lipogenesis in the brain (30, 38, 39).
The rather close relationship of thermogenesis to food
intake and lipogenesis suggests that the biological role of
thyroid hormone thermogenesis is in temperature homeostasis, not in dumping calories to protect the body
from obesity. On the other hand, the depression of thyroid
function associated with the so-called euthyroid sick syndrome indicates that thermogenesis is sacrificed when food
availability is reduced or when the preservation of body
mass is needed in catabolic states. In such conditions, a
reduction of leptin (40) and increased cytokines (41) are
the signals to reduce, respectively, synthesis of thyroidreleasing hormone and T4-to-T3 conversion. Thus, because
of the relationship of appetite and lipogenesis to thyroid
hormone thermogenesis and the defense of the body fat
stores and lean body mass, changes in weight associated
www.annals.org
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Figure 5. The changes in thermogenesis that occur in thyrotoxicosis and hypothyroidism.

For comparison with the euthyroid state, see Figure 1 (figures are on scale). The heat derived from the minimal energetic cost of living changes little with
thyroid status. The most important component of thermogenesis affected by thyroid status is basal thermogenesis. Facultative thermogenesis is reduced
in both states but for different reasons. Thermoneutrality temperature is displaced down in thyrotoxicosis and up in hypothyroidism. See text for further
details.

with thyroid dysfunction are seen not in mild thyroid dysfunction but only when such homeostatic mechanisms are
impaired or overwhelmed by the severity of the dysfunction. Another variable in weight effects of thyroid dysfunction could be diet composition. The stimulation of lipogenesis by thyroid hormone is potentiated by dietary
carbohydrates and inhibited by dietary fat (22, 42). Of
interest, thyroid hormone produces craving for carbohydrates (43). Total caloric intake and diet composition
could therefore explain varying weight loss in patients with
thyroid dysfunction.
While thyroid hormone seems to increase lipogenesis
by stimulating lipogenic enzyme genes (22), the mechanisms by which it stimulates food intake remain undefined.
Thyroid hormone does not to seem to have major effects
on leptin levels, except indirectly by affecting body fat content (44). Neuropeptides at the hypothalamic level, particularly neuropeptide Y, play an important role in controlling appetite and food intake (45), yet no consistent effect
of thyroid hormone on neuropeptides has been found (46).
It is more likely (47) that thyroid hormone acts by modifying the level of monoamines (serotonin, dopamine) in
the hypothalamus and possibly the signals emanating from
the gastrointestinal tract, which could explain the short
satiety observed in hyperthyroid patients (43, 47– 49).
Nonetheless, this area remains largely unexplored.
Thyroid hormone action is initiated by interaction
with receptors that belong to the superfamily of nuclear
receptors. These are ligand-activated transcription factors
that interact with discrete sequences of the regulated genes
and then influence transcription rates as a function of the
amount of ligand bound (50). Thyroid hormone receptors
(T3Rs) are encoded by two separate genes, the proto-oncowww.annals.org

genes c-erbA-␣ and c-erbA-␤ (␣T3R and ␤T3R genes),
which generate three major forms of the receptors (called
isoforms) resulting from alternate splicing: ␣1T3R, from
the ␣T3R gene, and ␤1T3R and ␤2T3R, from the ␤T3R
gene. Thyroid hormone receptors are expressed in almost
all tissues, but the relative proportion of the isoforms varies
and is affected in utero by developmental stage and later by
age (51, 52). The affinity of the T3R isoforms for T3 is
similar, and it was accepted until recently that the three
major forms of T3R were functionally interchangeable.
Emerging information from mice with deletion of either
gene shows that, while many effects of thyroid hormone
could be mediated by ␣T3R or ␤T3R, some may be mediated more effectively by one isoform over the other, and
some may even strictly require either ␣T3R or ␤T3R (53).
For instance, ␤2T3R is important for the feedback of thyroid hormone at hypothalamic and pituitary levels, growth,
and development of the cochlea, while ␤1T3R is important
for cholesterol metabolism and lipogenesis and ␣1T3R is
important for the effect of thyroid hormone on the heart
and for maintaining body temperature (54 –57). Mice with
deletion of ␣T3R, but not ␤T3R, have body temperatures
0.5 °C to 1 °C lower than normal mice. A recent study
showed that although the administration of a selective
␤T3R ligand, GC1, could not correct the thermogenic defect of hypothyroid mice, this thyroid hormone analogue
vigorously stimulated malic enzyme (58).
These are very important observations that could provide insight into evolutionary aspects of thyroid hormone
thermogenesis as well as the possibility of dissociating the
thermogenic effects from lipogenesis. Thyroid hormone is
probably the most powerful physiologic stimulator of
obligatory thermogenesis, yet this effect is linked to lipo5 August 2003 Annals of Internal Medicine Volume 139 • Number 3 211
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genesis and stimulation of food intake. The design of analogues with T3R isoform selectivity may allow independent manipulation of these effects for therapeutic purposes.

THERMOGENESIS IN THYROTOXICOSIS
HYPOTHYROIDISM

AND

Figure 5 provides an integrated view of the components of thermogenesis in thyroid dysfunction. Lower
obligatory thermogenesis necessitates increased facultative
thermogenesis to maintain body temperature, and vice
versa. Thyroid hormone is necessary for both forms of
thermogenesis and has the potential to stimulate both. In
hyperthyroidism, the two effects would be additive, creating the risk for hyperthermia. Even so, hyperthermia is
rarely a manifestation of hyperthyroidism, in the so-called
thyroid storm or thyrotoxic storm. As mentioned earlier,
there is evidence in rodents that hyperthyroidism is associated with reduced brown adipose tissue facultative thermogenesis (32, 59). Hyperthyroidism decreases sympathetic
stimulation of tissues, probably acting at a central level
(60), and T4 directly inhibits D2 (61). Thyroid hormone
also rapidly reduces the expression of ␤3-adrenergic receptors in brown adipose tissue (62). These changes may explain the reduced UCP activation and synthesis responses
to cold in thyrotoxic rats (59). The hyperthermia of thyroid storm might result from the failure of these or similar
mechanisms that prevent activation of facultative thermogenesis in human hyperthyroidism. Type II 5⬘ iodothyronine deiodinase is present in human muscle (63), and thermogenesis in humans may depend on T3 locally generated
by this enzyme (35). The inhibition of D2, suppression of
the sympathetic activity, or both could be impaired in the
thyrotoxic storm. This view is consistent with clinical
features of the thyrotoxic storm, such as its proximity to
stressful situations and its alleviation by sympathetic
blockade.
In hypothyroidism, obligatory thermogenesis is reduced and the body increases stimulation of brown adipose
tissue (64). Although this tissue shows signs of adrenergic
stimulation, such as hyperplasia and increased protein content (12), the lack of T3 in brown adipose tissue drastically
limits its thermogenic response to sympathetic stimulation
(13). The reduced obligatory thermogenesis is compensated by heat-saving mechanisms and shivering, which are
effective only in a narrow range of temperature. In the
absence of effective facultative thermogenesis, if ambient
temperature decreases further or if the compensations are
reduced (for example, by central nervous system depression
due to alcohol or barbiturates, sympathetic blockade, or
muscle relaxation), hypothermia supervenes.
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