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1. ABSTRACT 
  

This review examines general and evolutionary 
aspects of temperature homeostasis, focusing on 
mammalian facultative or adaptive thermogenesis and its 
control by the sympathetic nervous system and hormones. 
Thyroid hormone acquired a new role with the advent of 
homeothermy enhancing facultative thermogenesis by 
interacting synergistically with the sympathetic nervous 
system, and directly increasing basal metabolic rate 
(obligatory thermogenesis).  Facultative thermogenesis is 
triggered by cold. The major site of facultative 
thermogenesis in mammals is brown adipose tissue, 
endowed with abundant mitochondria rich in a protein 
called uncoupling protein-1. This protein can uncouple 
phosphorylation in a controlled manner, releasing the 
energy of the proton-motive force as heat. Its synthesis and 
function are regulated synergistically by the sympathetic 
nervous system and thyroid hormone and modulated by 
other hormones directly, or indirectly, modulating 
sympathetic activity as well as thyroid hormone secretion 
and activation in brown adipose tissue. Alternate, 
evolutionary older forms of facultative thermogenesis 
activated in transgenic mice with disabled brown adipose 
tissue thermogenesis reveal this latter as the culmination of 
energy-efficient facultative thermogenesis.  

 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 
 

Mammals and birds, among vertebrates, maintain 
their body temperature constant in spite of wide variations 
of ambient temperature, reflecting a tight and effective 
homeostatic control. From the temperature control 
standpoint, these two classes of vertebrates are indistinctly 
classified as endothermic or homeothermic, although these 
terms are not identical. Endothermy means the capacity of 
these species to generate sufficient endogenous heat to 
maintain a higher core body temperature, with some 
independence from ambient temperature, whereas 
homeothermy indicates a higher level of complexity, 
namely the capacity of regulating body temperature around 
a set value (1).  While endothermy is necessary to facilitate 
the maintenance of a constant temperature, particularly in 
environments colder than the set point of control, it is not 
sufficient to maintain a constant core body temperature, 
and indeed not all endothermic species are homeothermic 
(2). 
 
3. EVOLUTIONARY ASPECTS 
 

There is an ongoing debate as to how 
endothermy developed during evolution (1). Studies in 
poikilothermic species show for example that speed and 
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endurance of motor activity improves as temperature 
approaches 37°C (3;4). Other authors believe endothermy 
resulted from a selection pressure to enhance reproductive 
function and extend the protection of the offspring (5); and 
yet others think endothermy allowed the production of 
additional energy to larger animals allowing them to 
displace faster (6).  Indeed, these selection pressures are not 
mutually exclusive and all may have contributed to select 
mechanisms to generate more heat. When compared with 
exothermic species, endothermic species have increased 
aerobic capacity, increased number of mitochondria and 
larger mitochondrial membrane surface area (7).  Since a 
large fraction of metabolic energy is spent maintaining 
ionic gradient across membranes, essential to cell 
functioning, some investigators have theorized on the bases 
of comparisons between poikilothermic and homeothermic 
species that there has been a progressive desaturation of the 
fatty acids in the cell membranes that has made them more 
leaky to ions, increasing the energy cost of maintaining 
such gradients and consequently the production of more 
heat (8;9). The factor or factors leading to membrane fatty 
acids desaturation and leakiness to ions remain a mystery.  

 
Homeothermy, or the capacity of maintaining the 

body temperature constant in a broad range of ambient 
temperatures, has doubtless been a major evolutionary gain.  
Environmental temperature varies widely with seasons and 
latitude on the surface of the earth; therefore, the absence 
of mechanisms to keep body temperature constant 
constrains the niche of animal species. Obviously, 
homeothermy has expanded the niche of species (10); but 
why body temperature in all homeothermic species is 
regulated between approximately 37°C (mammals) and 
42°C (birds), is yet another fundamental question without 
an answer.  Several cellular events as well as whole body 
functions, such as neuro-muscular performance studied in 
poikilotherms at different temperatures are faster, more 
effective or efficient as the environment in which they have 
been studied approaches 37°C (4). Nonetheless, even 
though we can only hypothesize on the reasons for 
endothermy and then homeothermy, both have been leaps 
forward in evolution that have resulted, among other 
advantages, in an expansion of the niche of species; in 
faster and enduring physical activity; and in facilitating 
reproduction improving the survival of progenies. 

 
The acquisition of endothermy, though, posed a 

new evolutionary challenge. Heat production is energy 
costly and consequently increased the energy cost of living 
substantially.  On the other hand, throughout the history of 
homeothermic species, food has been scarce and hard to 
obtain. It has been only in recent millennia that food has 
become abundant and consistently available, and only to 
humans and domesticated animal species (11), while 
endothermy and homeothermy have evolved over millions 
of years. Thus, homeothermy imposed the selection 
pressure of maintaining body temperature at the lowest 
possible energy cost.  These opposing evolutionary 
pressures, the limited food availability and the energy 
demand of homeothermy have lead to mechanisms 
resulting in thriftiness and fuel efficiency of our 
metabolism and physical activity. Such mechanisms 

explain many of the observations discussed in this review, 
as well as our incapacity to deal with the excess food.  This, 
and the technological advances reducing the need of 
physical activity in our daily life are the core of the 
pandemic of obesity and diabetes [(10;12) and references 
therein].   

 
It is reasonable to assume that endothermy 

created the pressure to evolve temperature homeostatic 
mechanisms to produce heat in the most efficient manner, 
only when necessary while minimizing heat dissipation in 
cold environments.  Interestingly, homeothermic species 
are not as efficient in reducing heat production and we 
defend our body temperature largely by increasing heat 
dissipation, although recent observations discussed later 
show that we may reduce to some extent basal metabolic 
rate and the resulting heat production (obligatory 
thermogenesis) via a reduction in thyroid hormone 
secretion and increased inactivation (13-15).  

 
Note that of the two opposing forces mentioned 

above, food availability is a dominant one. Thus, in 
starvation or food restriction, brown adipose tissue (BAT) 
facultative thermogenesis in response to cold is reduced or 
blunted, whereas it is increased if food is readily available 
(16). The interdependence of food availability and 
temperature homeostasis at the lowest energy cost is further 
supported by behaviors, such birds migrating to warmer 
latitudes during the winter, or by the need of several 
mammals to hibernate i.e. to reach a state of torpor during 
which they reduce to a minimum the energy cost of living 
and stay alive when food in the cold of winter becomes 
scarce; it they did not hibernate, the need to spend energy 
in thermogenesis would markedly increased in face of the 
reduced food availability of winter (2).   
 
4. THE MAJOR MECHANISMS OF TEMPERATURE 
HOMEOSTASIS 
 

Temperature homeostasis requires mechanism to 
save and dissipate heat as well as to produce heat on 
demand. Since most of the earth surface, except around the 
equator is substantially colder than the core temperature of 
37°C, the capacity to produce enough heat is essential.  In 
homeothermic species, increased heat production results to 
a great extent from a higher basal metabolic rate (BMR). A 
higher BMR reflects more energy transformations and, as a 
mere consequence of the laws of thermodynamics, more 
heat production. By definition, BMR represents the 
minimal cost of living because is measured at rest, in a 
post-fed state and at an ambient temperature called 
thermoneutrality temperature because the body is in 
thermal equilibrium with the environment, eliminating the 
energy cost of keeping core body temperature.  Such 
ambient temperature is called zone of thermoneutrality or 
simply thermoneutrality temperature (10;17). If ambient 
temperature departs from the thermoneutrality temperature, 
homeostatic mechanisms are activated to either dissipate or 
save heat.  When looked from the viewpoint of temperature 
homeostasis, the heat generated by BMR is called 
obligatory thermogenesis to indicate that is the minimal 
amount of heat produced as result of being alive.  It is 
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evident that the higher is obligatory thermogenesis the 
lower will be thermoneutrality temperature, as 
schematically illustrated in Figure 2.   

 
Chronic heat-saving-mechanisms include 

thermal insulation in the form of fat (exemplified by fat in 
mammals such as whales) or fur. Acutely, thermal 
insulation is also increased by cutaneous vasoconstriction, 
deviating blood from the surface in contact with the cold, 
and by piloerection in furred species to reduce cold air 
circulation close to the skin. Another way to reduce heat 
loss to the environment is curling the body, approaching the 
shape of a sphere, geometrically being the form with the 
lowest surface area-to-volume ratio. Yet another behavioral 
adaptive response is immobility because by remaining on 
the same site or micro niche the animal does not have to 
spend heat warming another site (17).  Obviously, in colder 
environments, these mechanisms are limited and limiting, 
and additional heat generation is certainly needed.  

 
The capacity to produce heat on demand is called 

facultative or adaptive thermogenesis. Facultative 
thermogenesis is activated as homeothermic species move 
to environments below thermoneutrality temperature and 
ceases as soon the environment warms to return to the 
thermo neutral temperature.  This is important, because the 
persistence of facultative thermogenesis over 
thermoneutrality temperature will over burden the heat-
dissipating mechanisms resulting in hyperthermia.  Severe 
hyperthyroidism and malignant hyperthermia are 
conditions of non-regulated thermogenesis where the 
capacity of dissipate heat is saturated, resulting, particularly 
in the latter condition, in hyperthermia that could be lethal 
(18). To have facultative thermogenesis rather than higher 
obligatory thermogenesis, by definition virtually fixed, 
represents also an adaptive advantage.  Recent evidence 
suggests that thyroxine (T4), the major product of thyroidal 
secretion and 3,5,3’-triodothyronine (T3) are inactivated by 
being converted respectively into the inactive compounds, 
reverse T3 (rT3) and 3,3’-diiodothyronine. The increased 
inactivation of thyroid hormone is accomplished by the 
activation of the 5-iodothyronine deiodinase or type-3 
deiodinase. In addition, in hot environments there is a mild 
decline in thyroid stimulation by thyrotropin (TSH) (13-
15). These are relatively recent observations that indicate 
that there mechanisms to reduce obligatory thermogenesis, 
although not as effective as thermogenic mechanisms 
activated in response to cold.  Thus, body temperature is 
tightly regulated. The interplay of these temperature 
homeostatic responses is illustrated in Fig.2, and discussed 
in the ensuing text.    
 
5. COLD ADAPTATION 
 

Acute exposure to cold triggers immediate 
responses with the dual purpose of minimizing heat loss 
and producing heat.  There is vasoconstriction and furred 
mammals undergo piloerection. Heat production is initiated 
instantly by shivering, the immediate form of facultative 
thermogenesis (17).  Muscle contraction increases heat 
production.  However, facultative shivering thermogenesis 
is energy expensive (19) and disrupts activity, and it is 

hence of limited value and rapidly replaced by non-
shivering facultative thermogenesis (20). For convenience, 
I will call shivering facultative thermogenesis simply 
“shivering”, while in the rest of the text “facultative 
thermogenesis” will be specifically used for non-shivering 
facultative thermogenesis and will be italicized.  

 
Most of our knowledge to adaptation to cold 

derives from studies in small rodents. In these species, as 
well as most altricial newborn mammals, facultative 
thermogenesis resides in yet another evolutionary 
homeostatic advancement, the brown adipose tissue (BAT).  
This tissue can produce large amounts of heat when fully 
activated, in the range of 400 W x kg-1, or 80 times the 
basal metabolic rate of a rat (21;22). The key molecule in 
BAT facultative thermogenesis is uncoupling protein 
(UCP), now called uncoupling protein 1 (UCP1) due to the 
cloning in the late 90’s of paralogs and orthologs (23). 
UCP1 is a sine qua non for BAT thermogenesis. The 
observation that paralogs, such as UCP2 and 3 can 
uncouple ADP phosphorylation from mitochondrial 
respiration, dissipating the energy as heat when over-
expressed in yeast or other mitochondria (24-27), led to the 
idea that they could play the same role as BAT UCP1. 
However, even though at high density in mitochondria 
UCP2 and UCP3 can act as UCP1, collapsing the proton 
gradient across the internal mitochondrial membrane, at the 
densities normally found per mitochondria, they do not 
seem to act as UCP1, and probably play other roles in the 
cells, such as facilitating fat oxidation and reducing the 
formation of reactive oxygen species [(28-30) for recent 
reviews].  In contrast, UCP1 is present in high 
concentrations in the inner membrane of abundant BAT 
mitochondria and constitutes about 5% of total 
mitochondrial protein in rodents living at 20-22°C (20;30). 
UCPs exist even in plants, suggesting that controlled 
uncoupling of ADP phosphorylation from respiration may 
be an ancient thermogenic mechanism, but BAT is unique 
to mammals. As mentioned and further discussed latter, 
BAT represents the culmination of a thermogenic site, as it 
not only has the capacity to produce impressive amounts of 
heat, but it is strategically placed around blood vessels and 
close to vital organs as kidney and spinal cord (20).  The 
activation of BAT starts almost instantly upon acute cold 
exposure and increased transcription of the UCP1 gene can 
be detected within minutes (31;32), so that within short 
time BAT thermogenesis starts to replace shivering and 
within 6-8 hours becomes unnecessary and virtually 
disappears (17).   

 
In birds, facultative thermogenesis seems to take 

place largely in skeletal muscle where Ca2+ exchange 
between cytosol and sarcoplasmic reticulum appears to be 
the major mechanism (33;34). Recently, however, 
uncoupling proteins have been identified in muscles from 
birds (28;35), but its role in thermogenesis remains to be 
resolved. Furthermore, mesenchymal stem cells can be 
differentiated into brown adipocyte-like cells but their UCP 
diverged from the mammal gene and does not seem 
sufficiently active and abundant to participate in 
thermogenesis. Instead, a possible function in birds is the 
elimination reactive oxygen species (ROS) that are
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Figure 1. Schematic conception of the evolution of 
endothermy and homeothermy. In ectothermy or 
poikilothermy, body temperature and metabolic rate depend 
on ambient temperature. The cost of living is minimal even 
at ambient temperatures around 37°C. Endothermy, in 
response to several hypothetical evolutionary pressures and 
by as yet undefined mechanisms resulted in an increased 
metabolic rate, enhanced capacity to produce heat, with the 
benefit of an expansion of the niche of species into colder 
environments. With the advent of homeothermy, body 
temperature could be regulated. Obligatory and facultative 
thermogenesis (heat production) is sufficient to maintain 
body temperature in colder or warmer environments, but 
thermogenesis is subordinated to food availability. Heat 
production is increased above the heat produced by basal 
metabolic rate (obligatory thermogenesis) only when 
necessary (facultative thermogenesis), and heat-saving and 
heat-dissipating mechanisms appear including 
vasoconstriction, piloerection, behavioral responses and 
torpor, to allow life continuation in the cold at minimal 
energy cost. Mammals living constantly in cold areas 
develop more effective thermal insulation (thick fat 
subcutaneous layer, hairy fur, oily and more compact 
feathers, etc.), as result of which the energy cost of energy 
homeostasis is reduced, yet without constraining the size of 
the ecological niche.     

 
generated at a much higher rate than in mammals 

(28;35;36), much as UCP2 in mammalian cells (37).   
Although I will refer to bird temperature 

homeostasis for comparison, the focus of the subsequent 
discussion will be largely on mammals, on the 
interrelations between obligatory thermogenesis and 
facultative thermogenesis, and the role of the sympathetic 
nervous system and hormones on modulating and 
coordinating both forms of thermogenesis. 

 
Figure 2 integrates schematically the concepts 

outlined so far.  It represents the activation of various 
adaptive mechanisms as the environmental temperature 
changes.  The rectangular box extending over the x axis 
represents obligatory thermogenesis, and is represented as 
not influenced by ambient temperature, to stress the 
concept that it largely represents the heat resulting from the 
energy sustaining the cost of living.  As mentioned below, 
it is possible that in the individual animal, particularly in 
response to hot environments, there could adaptive 
reductions in thyroid hormone concentrations and activity 
that may reduce obligatory thermogenesis.  If our energy 
expenditure were as low as that of ectotherms, the 
thermoneutrality temperature should be close to the set 
temperature of 37°C. If we were to live at the so-called 

room temperature, 20-22°C, which is the temperature at 
which we tend to live and keep most experimental animals 
in the laboratory, such low obligatory thermogenesis would 
be insufficient to maintain the core of the body at 37°C 
because the gradient between the body and the ambient 
would be too big.  The problem will be worse in small 
animals, because they have a larger surface area-to-volume 
ratio.  Thus, homeothermy set at 37-42°C requires more 
heat production.  This has been accomplished during 
evolution by increasing BMR and hence obligatory 
thermogenesis. This is represented in Fig.2 by taller 
obligatory thermogenesis boxes.  The figure illustrates that 
the higher the heat resulting from vital functions, i.e. 
obligatory thermogenesis, the lower thermoneutrality 
temperature can be. This is clinically evident in 
hyperthyroidism, where the excess of thyroid hormone 
increases BMR and with it obligatory thermogenesis. 
Accordingly, in hyperthyroidism facultative thermogenesis 
is triggered at lower ambient temperatures, that is, 
thermoneutrality temperature is reduced. The opposite 
occurs in hypothyroidism, which is translated clinically as 
cold intolerance and in animals by seeking higher ambient 
temperatures when placed a closed corridor with a gradient 
of temperature. Figure 2 shows that the thermoneutrality 
temperature is lower the higher is obligatory 
thermogenesis.  As mentioned, and not illustrated in Fig.2 
is the size of the animal, as advanced above.  Thus, both 
BMR and body size are major determinants of 
thermoneutrality temperature.  

 
Still, the environment will frequently be colder 

than thermoneutrality temperature, in winter and in 
latitudes distal from the equator.  To maintain core body 
temperature, heat saving mechanisms, as those previously 
mentioned, vasoconstriction, piloerection, behavioral 
changes, etc. will be activated; and so will be heat 
production, first in the form of shivering but then gradually 
turning into non-shivering facultative thermogenesis 
(facultative thermogenesis, as defined). In most mammals, 
including humans, a major, if not the major, source of 
facultative thermogenesis is BAT.     
 
5.1. Hormonal control of obligatory thermogenesis and 
basal metabolic rate 

It is evident from Figure 2 that thermoneutrality 
temperature and the need of facultative thermogenesis are 
strongly influenced by obligatory thermogenesis.  From the 
preceding discussion, it is evident that homeothermy 
requires mechanisms to generate heat, i.e. a robust 
obligatory thermogenesis and facultative thermogenesis. 
From a thermodynamically standpoint, homeothermy has 
forced the “biological machine” into being 
thermodynamically less efficient for the sake of keeping 
core temperature between 37 and 42°C.  Essentially, this 
has been accomplished by increasing the number of energy 
transactions in homeothermic species, to some extent in a 
futile manner, and reducing the efficiency of generating 
ATP (10;38;39).  In addition, the energy stored in ATP, 
which is transferred to molecules to elevate their energy 
level and accelerate biochemical reactions, may not be as 
efficient thermodynamically as previously thought (40). 
Thus, Meis postulates that the efficiency of ATP coupling 
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Figure 2. Schematic representation of interrelationships between the heat generation from vital functions (defined as basal 
metabolic rate and equated to obligatory thermogenesis), facultative thermogenesis, and thermoneutrality temperature.  This later 
temperature represents the ambient temperature at which the animal is in thermal equilibrium with the environment, i.e. the heat 
from obligatory thermogenesis is sufficient to keep core body temperature at the set point of 37-42°C without the activation of 
heat saving or heat dissipating temperature and without facultative thermogenesis. No considered in this analysis is the size and 
geometric form of the animal.  These are determinants of the body surface area-to-volume ratio that affects the loss of heat to the 
environment. Bigger animals generate more heat as the metabolic body mass is bigger and have a lower relative body surface 
area. This makes that metabolic rate is not linear with body mass but elevated to the 0.75 power (17). The higher is obligatory 
thermogenesis and the size of the animal, the lower is thermoneutrality temperature. To demonstrate the effect of obligatory 
thermogenesis on thermoneutrality temperature, in this Figure the thermoneutrality temperatures corresponding to a high, 
medium and low obligatory thermogenesis have been have been dubbed TNhi, TNmed andTNlo. The heat production of 
ectotherms has been arbitrarily represented as low to indicate they would need to live at a temperature very close to 37°C if they 
were to maintain their core body temperature at 37°C. Without extra thermogenesis they would not be able to live at the so-called 
room temperature, 20-22°C, in which we live and keep our laboratory and some domestic animals (pets). The arrow down to the 
right of TNhi is to indicate that recent evidence (see text) suggests that in acclimation to warm environments obligatory 
thermogenesis is reduced, which is mediated by a reduction in thyroid hormone secretion and activation of thyroid hormone, as 
well as increased inactivation.  

 
to pumping of cytosolic Ca2+ back into the sarcoplasmic 
reticulum in skeletal muscle could vary in a controlled 
manner and even that ATP could be split by the 
sarcoplasmic reticulum calcium ATPase (SERCA) totally 
uncoupled from the Ca2+ pumping by for sake of producing 
heat (41).   

 
Since the pioneer work of Magnus-Levy it is 

known that a major controller of BMR is thyroid hormone 
(42). Thyroid hormone is present in all vertebrates, but only 
in homeotherms it increases oxidations and heat (43;43-45). 
The thermogenic effect of thyroid hormone is a newly 
acquired function in evolution.  Accordingly, the lack of 
thyroid hormone is associated in homeothermic species 
with marked cold intolerance and quasi-poikilothermic 
status, whereas the administration of thyroid hormone to 
hypothyroid animals or humans recapitulates many of the 
differences between poikilothermic and homeothermic 

species [(10) and references therein].  In addition, thyroid 
hormone plays an important role in sustaining and 
stimulating facultative thermogenesis.  How thyroid 
hormone has been acquiring these new functions is an 
evolutionary mystery. As discussed below, a whole body of 
evidence supports a central role for thyroid hormone in 
thermogenesis.  For more than a century clinicians and lay 
people have recognized the cold intolerance of 
hypothyroidism and heat intolerance of hyperthyroidism. In 
supporting facultative thermogenesis, thyroid hormone acts 
coordinately with the sympathetic nervous system, so many 
aspects of this system’s function are regulated or influenced 
by thyroid hormone, while the sympathetic nervous system 
in turn selectively activates thyroid hormone in BAT to 
provide enough amounts of the most active form of thyroid 
hormone, T3, in quantities sufficient to virtually saturates 
BAT thyroid hormone receptors, which seems necessary 
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for the full realization of the BAT thermogenic potential 
(10;12;46-48).   
 
5.2. BAT thermogenesis 

Extensive reviews have been written on the 
physiology and biochemistry of BAT thermogenesis [see 
(30;49-53) among others].  The key molecule is UCP1, a 
protein located in the inner membrane of BAT 
mitochondria.  In cold-stimulated small rodents UCP1 may 
constitute 5% or more of mitochondrial protein to the point 
of being readily identified as a 32,000 Dalton band in 
straight Coomassie blue-stained sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS PAGE) of rat 
mitochondrial proteins (54;55).   

 
Cells make ATP, the “energy currency of the 

cells”, from capturing the energy released in a stepwise 
manner from the transfer of reducing equivalents to oxygen 
through the complexes of the mitochondrial respiratory 
chain. At each step, protons are expelled into the 
intermembrane space of the mitochondria, creating a proton 
gradient called the proton-motive force, as this gradient, a 
form of potential energy, is used by ATP synthase to 
phosphorylate ADP into ATP (40).  Thus, the proton 
gradient created by such mechanism represents a transient 
accumulation of energy then used by the ATP synthase to 
produce ATP.  UCP1 is believed to be a carrier protein that 
allows protons to rapidly flow from the intermembrane 
mitochondrial space into the mitochondrial matrix, 
dissipating the gradient created by the respiratory chain 
activity.  By collapsing the proton gradient, UCP1 releases 
the potential energy of the gradient as heat (movement of 
protons in the direction of the gradient is an exergonic 
reaction) instead of being available to the ATP synthase i.e. 
it uncouples phosphorylation of ADP from mitochondrial 
respiration.  The molecular mechanism whereby UCP1 
reduces or collapses the proton gradient has not been 
defined. It is known that the collapsing of the gradient is 
intimately related to the release of fatty acids, but how 
these allow UCP1 to dissipate the gradient has not been 
resolved (52;56;57). I believe it is safe to say that UCP1 
facilitates the passage of protons in the direction of the 
gradient in the presence of fatty acids, but whether are 
protonized fatty acids that carry the protons in the direction 
of the gradient, or fatty acids embedded into UCP1 that 
transport the protons across the “tunnel” formed by UCP1 
is still matter of debate. Nucleotides, on the other hand 
block the dissipation of the proton gradient. They bind to 
UCP1 and somehow block the passage of protons.  Among 
them, guanosyl diphosphate, GDP, has turned out useful to 
measure UCP1 as well as a tool to manipulate the 
uncoupling mechanism (58). In the resting state, BAT 
mitochondria produce comparatively little ATP, because of 
relatively low levels of ATP synthase, and consequently the 
proton flux into the matrix when UCP1 is not “activated” is 
low and in resting BAT there is a substantial proton 
gradient across the inner mitochondrial membrane (58). 
When BAT is stimulated, lipolysis occurs and the resulting 
fatty acids activate UCP1, and the protons move in the 
direction of the gradient, generating heat and accelerating 
respiration. Mitochondrial oxidations increase but without 
generating additional ATP.  Because of the large size and 

number of BAT mitochondria and the abundance of UCP1, 
the potential to produce heat is as high as 400 W × kg-1 
(21;22).   
 
5.2.1. Role of adrenergic stimulation on BAT 
thermogenesis.  

The uncoupling mediated by UCP1 in BAT 
mitochondria is regulated.  Fatty acids cause a large flow of 
proton in the direction of the gradient, whereas nucleotides 
stop proton transport (56;58).  The starter of BAT 
thermogenesis is the sympathetic nervous system.  
Regulatory centers are in the hypothalamus and brain stem 
(20;59). Afferent signals come largely from the skin 
temperature sensors.  Skin becomes cold not only from the 
loss of heat to the environment, but very importantly from a 
rapid reflex causing vasoconstriction.  This is the result of a 
reflex arc where afferent signals from skin temperature 
sensors reach the hypothalamic-diencephalic area that 
generates efferent signals that will cause vasoconstriction. 
Such rapid response will not only reduce the dissipation of 
heat but will further reduce skin temperature, amplifying 
afferent signals to thermoregulatory centers.  The mounting 
efferent responses will cause now shivering and activation 
of BAT via sympathetic fibers.  The neurotransmitter 
released by adrenergic end terminals on BAT is 
norepinephrine (NE) that acts on beta- and alpha-
adrenergic receptors (α-AR, β-AR) and will start the 
thermogenic response.  The role of each adrenergic 
receptor has not been clearly defined.  It is believed that the 
initial response is mediated by β-AR, a class of Gs-protein 
coupled receptors.  NE will release the alpha subunit of the 
Gs protein that will activate adenylyl cyclase to generate 
cAMP and the cascade of events leading, among other 
responses, to rapid lipolysis. In animals leaving below 
thermoneutrality temperature, which is the most current 
situation, there is enough UCP1 present in the mitochondria 
to be immediately activated by fatty acids, so heat 
production starts immediately. NE released by adrenergic 
terminals, will also cause vasodilatation, probably via β2-
AR. In addition, cAMP also activates the type-2 
5’iodothyronine deiodinase (D2) interacting synergistically 
with α1-AR. The cAMP and T3 will rapidly induce the 
transcription of the UCP1 gene, which is indeed detectable 
within minutes using intronic probes or run-on transcription 
assays (32;60).   

 
All three β-AR are present in BAT, although 

some of them may be in the vascular stroma of the tissue, 
rather in brown adipocytes.  It is possible that β1-AR and 
β2-AR are more important in the blood flow and initial 
response such as the activation of lipolysis (61).  A third 
class of β-AR has been discovered later, the β3-AR (62).  
β3-AR is selectively expressed in white (WAT) and BAT, 
and parts of the gastrointestinal tract. Its exact role has not 
yet been clearly defined.  This receptor has a lower affinity 
for NE, suggesting that requires higher degrees of 
adrenergic stimulation to be activated (62). The targeted 
disruption of this receptor is associated with increased 
adiposity, more in females than males, loss of the cAMP 
response of adipocytes membranes to the selective β3-AR 
agonist CL-316,243, but the reduction of the responses to 
NE and isoproterenol in vivo is small, which may be 
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explained by compensatory overexpression of β1-AR (63).  
The value of this compensation is supported by the deletion 
of all β-AR, which is associated with a higher susceptibility 
to cold and diet-induced obesity (63;64).  On the other 
hand, the increased metabolism and leanness caused by 
CL-316,243 in intact rats supports a role for β3-AR in 
mediating BAT stimulation and WAT lipolysis (63).     
 
5.2.2. Role of thyroid hormone on BAT thermogenesis 

Since the stimulatory effect of thyroid hormone 
on thermogenesis was known long before the thermogenic 
function of BAT was discovered, it is not surprising that 
researchers promptly asked what the role of thyroid 
hormone in BAT thermogenesis could be.  Mory et al 
observed that BAT of hypothyroid rats showed signs of 
adrenergic hyperstimulation, yet UCP1 levels and activity 
were not enhanced (65). Triandifillou et al (66) also 
observed that hypothyroid rats had a subnormal response of 
UCP1 to cold compared to euthyroid controls (as measured 
by GDP binding) while the response was readily 
normalized by thyroxine replacement.  What it was 
intriguing in these studies, though, was that rats treated 
with supraphysiological doses of thyroxine did not have 
more, but less, GDP binding.  In another study, Seydoux et 
al (67) showed that the thermogenic response of BAT the 
sympathetic nerve stimulation was reduced in hypothyroid 
rats. Lastly, Sundin and Cannon (68) showed that high 
doses of T4 reduced in a dose-dependent manner the GDP 
binding increase with cold. These results led to the concept 
that thyroid hormone played just a permissive role in BAT 
function, being necessary for the normal response to the 
tissue to sympathetic stimulation, with inhibition at 
supraphysiological levels (66;69). 

 
Thyroxine (T4) is the major secretory product of 

the thyroid gland. T4 has intrinsically very low hormonal 
activity, whereas 3,5,3’-triiodothyronine (T3) is at least ten 
times more activity because it has that much higher affinity 
for the thyroid hormone receptors than T4, while its 
concentration around the receptors is similar or even 
greater than that of T4. The concentration of T3 in the 
thyroglobulin as well as in the thyroidal secretion is low.  
In humans, not more than 20% of the extrathyroidal T3 is 
directly secreted by the thyroid gland, but in rodents, the 
proportion of circulating T3 that is secreted may approach 
50%. The extrathyroidally-produced T3 is produced by the 
enzyme-catalyzed removal of the 5’iodine from T4 
(5’deiodinadtion).  In the early 80’s only one 
iodothyronine-5’deiodinase was known. It was readily 
detected with high concentrations of the substrate T4 in 
liver and kidney homogenates and was typically inhibited 
by the thiourylene propylthiouracil (PTU), a drug long used 
to treat hyperthyroidism because of its capacity of 
inhibiting thyroid hormone synthesis in the thyroid gland.  
Our laboratory characterized a new iodothyronine 
5’deiodinase activity that we called Type-2 iodothyronine 
5’-deiodinase (70;71), abbreviated D2, so that the 
previously known 5’deiodinase became the Type-1 
iodothyronine 5’deiodinase and abbreviated nowadays 
D1(72).  The first evidence of D2 existence came from the 
observation in the late 70s that TSH was inhibited by 
locally generated T3 in the pituitary by a mechanism that 

was PTU-resistant.  We then showed locally generated T3 
in cerebral cortex and cerebellum, also insensitive to PTU 
inhibition. D2, in contrast to D1, is stimulated by 
hypothyroidism and powerfully inhibited by its substrate 
T4.  The increased brain D2 activity protected the neonatal 
rat brain of hypothyroid rats from developing brain 
hypothyroidism with levels of serum T4 <50% of that of 
euthyroid controls (73-75). It did not take long to find D2 
in BAT, where we demonstrated it was markedly activated 
by NE and cold in vivo, via α1-AR receptors (76;77).   

 
This constituted a major finding, a synergism 

between the sympathetic nervous system and thyroid 
hormone. As mentioned, it was early in the history of BAT 
that T4 was found to be necessary for the thermogenic 
function of BAT (65-67), yet hyperthyroxinemia was 
associated with depression of GDP binding, i.e. with less 
UCP1.  As discussed below, the nature and cellular 
localization of D2 is probably the explanation of these and 
several other findings. 

 
We suspected from the beginning that D1 and D2 

had a different cellular location in experiments injecting rats 
with 125-I-T4 and 131-I-T3 in which we found that in tissues 
containing solely D1, typically liver and kidney, the ratio of  
125-I-T3 (derived from the injected 125-I-T4, T3[T4]) to 131-I-T3 
(T3[T3]) was one (74;78;79), even though liver and kidney D1 
produced over 60% of circulating T3 made out of the thyroid 
and, as mentioned, contain large amounts of D1(80). In 
contrast, pituitary and brain, containing D2, such experiments 
show a large excess of T3[T4] over T3 [T3] specifically bound 
to nuclear thyroid hormone receptors. Thus, D2 generates T3 in 
a cell compartment that does not exchange freely with plasma, 
while D2-generated T3 remained in the cell and its passage to 
the nucleus was apparently facilitated, largely for local 
consumption. After the cloning of these enzymes, 
immunostaining showed indeed that D1 is located in the cell 
membrane, whereas D2 is located in the endoplasmic 
reticulum, in close relation to the nuclear envelope [see (81) for 
review and additional references].  The discovery that BAT D2 
was stimulated by the sympathetic nervous system (77) by 
hypothyroidism; that its activity was rapidly reduced by T4 
(82;83); and that the increased activity in hypothyroidism 
could protect the cerebral cortex and cerebellum of significant 
drops in plasma T4 (75;84;85), we set forth to test the 
hypothesis that D2 played a major role in regulating T3 
concentration in BAT, largely independently from plasma T3.   

 
We found that in hypothyroid rats the increased 

D2 in BAT protected hypothyroid rats from cold induced 
hypothermia. Injecting these rats with tiny doses of T4 for 
just 48 hours while kept at 4°C resulted in protection of 
hypothermia and normalization of UCP1 concentration, 
without improving the thyroid status of the rest of the body 
or increasing significantly circulating T3 levels (55). In 
contrast, T3 given in replacement doses for 5 days did 
normalize the liver mitochondrial glycerol-3-phosphate 
dehydrogenase but did not improve BAT UCP1 levels (55). 
To normalize UCP with injected T3 required doses nearly 
100 times the physiological replacement doses and caused 
not surprisingly peripheral thyrotoxicosis (55;86). Testing 
increasing doses of T3 to hypothyroid rats and measuring 
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UCP1 response to cold, we found that to achieve the 
euthyroid rats UCP1 response to cold we needed to fully 
occupy BAT nuclear thyroid hormone receptors, and 
obviously doses of T3 needed to cause the maximal response 
caused peripheral thyrotoxicosis (86). This suggested that for a 
full response of UCP1 and protection from hypothermia to 
maximal endogenous adrenergic stimulation (48 hours at 4°C) 
thyroid hormone receptors should be nearly fully occupied, 
and that this would be accomplished by the adrenergic 
activation of D2 without causing systemic hyperthyroidism.  
So, we exposed euthyroid rats to cold and measured the 
contribution of D2-produced T3 vis-à-vis plasma T3 and found 
that within 4 hours of cold exposure, BAT thyroid hormone 
receptors were virtually saturated with T3, and further, that 
most of the T3 was being generated locally by the sympathetic 
nervous system-activated D2 (T3[T4]) while the contribution 
of plasma T3 (T3[T3]) decreased with time (87). These results 
showing the importance of D2 for elevating locally T3 in BAT 
have been later confirmed in D2 knockout mice, which are 
cold intolerant and have blunted responses to endogenous or 
exogenous adrenergic stimulation (88).   

 
We later demonstrated that thyroid hormone 

synergistically stimulated transcription of the UCP gene 
with cAMP. Under adrenergic stimulation, such as in rats 
expose to cold, the stimulation of UCP1 by thyroid 
hormone was evident within minutes (32;60;89). To 
quantify the synergism between adrenergic and thyroid 
hormone stimulation of the UCP1 gene, we studied 
hypothyroid rats with unilateral denervation of BAT (each 
side of interscapular BAT receives separate innervation so 
the intact side served as control). The experiment was done 
at room temperature (20-22°C) that is associated with 
substantial sympathetic stimulation of the intact side, since 
this temperature is 8-10°C below thermoneutrality 
temperature.  Accordingly, the injection of thyroid 
hormone significantly stimulated UCP1 gene (Ucp1) 
transcription and UCP1 mRNA accumulation on the intact 
side, but the stimulation in the denervated side by either NE 
or T3 was minimal, whereas when given together the 
stimulation was 18-20 times, not different from the 
innervated side (60).  

 
The role of BAT D2 is also evident in 

hyperthyroidism as advanced previously. Triandafillou et al 
(66) found that rats given T4 in excess of the daily 
production rate was associated with a reduction of GDP 
binding and Sundin et al. reported that there was a T4 dose-
dependent reduction in GDP binding to progressive cold 
exposure, with abolition of the response at frankly 
thyrotoxic doses (68). This indicates that BAT D2 plays a 
gate-keeper role in this tissue, enhancing the fractional 
conversion T4-to-T3 at euthyroid, and particularly at 
reduced, levels of T4, whereas its sensitivity to T4 inhibition 
prevents the flooding of the tissue with T3 in 
hyperthyroxinemic states. This will discussed further 
below, after considering other influences on D2.    
 
5.3 Hormonal regulation of the UCP1 gene expression 

 A number of laboratories including ours have 
characterized the regulatory elements of the rat Ucp1. Both 
Ricquier’s and Kozak’s labs defined a 211-bp upstream 

enhancer, in rat and mouse respectively, about 2.25kb 
upstream of the gene transcription start site (90;91). This 
enhancer encompasses sequences conferring tissue-
specificity and the major cAMP response element (CRE), 
responsible for the mediation of NE stimulation of the 
gene. We also studied this sequence in the rat gene and 
defined a thyroid hormone response sequence characterized 
by two thyroid hormone response elements (TRE) in 
tandem.  These sequences were located about 2,300 base 
pairs upstream in the 5’flanking region of the rat gene (92).  
This whole 211 bp segment also contains sequences 
involved in the regulation of the gene by other hormones.  
We and others defined a retinoic acid response elementin 
the rat and the mouse Ucp1 (93;94.  Interestingly, Kozak’s 
group described 4 possible CRE, none as strong as the one 
found in the 211 bp upstream enhancer (91;95) when 
studied with adrenergic agonists. We identified a 40 bp 
sequence downstream of the TREs that was responsible for 
activating the most downstream CRE (92;96), quite weak 
in the absence of T3,and in addition found a complex 
sequence of about 90 bp in the upstream part of the 211 
enhancer containing a sequence that could mediate the 
stimulation of Ucp1 by thiazolidinediones, a PPARγ-
response element [see (96) and references therein].   
 
5.4. Other effects of thyroid hormone on responsiveness 
to sympathetic stimulation 

Thus, there is no question that thyroid hormone 
plays an essential role on the expression of Ucp1 in rat 
BAT.  But thyroid hormone is in addition needed for other 
responses of BAT essential to its thermogenic function. 
The adrenergic activation of D2 is necessary for the 
responses to cold of other enzymes (86).  Sundin et al. 
showed that isolated brown adipocytes of hypothyroid rats 
had reduced lipolytic and oxygen consumption responses to 
isoproterenol or forskolin, whereas cells from hyperthyroid 
rats showed the opposite response. Furthermore, the 
oxygen consumption response to fatty acids was also 
reduced indicating defects downstream of the cAMP 
generation (97).  Many of these findings were not 
surprising as thyroid hormone was already known to be 
necessary for normal adrenergic responses and signaling in 
other tissues [(47;48) and references therein], largely 
through effects of hyper- and hypothyroidism on heart and 
white adipose tissue [reviewed in (47;48)].  However, 
except for white adipose tissue, by the early 1980’s most of 
the effect of thyroid hormone on adrenergic responsiveness 
was attributed to its increasing the expression of β-AR (98), 
a concept still found in current textbooks.  This proved to 
be incorrect. Even though thyroid hormone can stimulate 
the expression of certain adrenergic receptors, particularly 
β1-AR and β2-AR, the effect is limited and demonstrable 
in extreme hypo- and hyperthyroidism, as discussed further 
below. In addition to the findings of Sundin et al. (97) 
supporting more distal site of action, Seydoux et al. had 
earlier reported (67) that BAT responses to sympathetic 
nerve stimulation in hypothyroid rats were reduced to a 
substantially greater extent than the comparatively small 
reduction in β-AR number.   

 
We undertook the study of study of thyroid 

hormone on NE signaling in rat BAT, using freshly isolated 
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brown adipocytes and cell membranes of hypothyroid and 
thyroid hormone-treated hypothyroid animals.  As others, 
we did find a reduction in β1-AR and β2-AR, but our 
evidence suggested that this was rather desensitization due 
to the chronic sympathetic hyperstimulation of the tissue in 
response to the reduction in obligatory thermogenesis 
characteristic of the hypothyroid state. Indeed, just housing 
hypothyroid rats at thermoneutrality temperature resulted 
in an increase in β1-AR and β2-AR, suggesting that the 
reduction in the number of these receptors in BAT was 
caused by desensitization due to the chronic compensatory 
adrenergic stimulation of BAT stimulation in the 
hypothyroid state and not the hypothyroidism per se (61).  
Moreover, we found that β3-ARs were upregulated in 
hypothyroidism and that the administration of thyroid 
hormone to hypothyroid rats promptly reduced β3-AR 
mRNA levels (99).  Therefore, the effects of thyroid 
hormone on adrenergic receptors have been overrated, and 
such effects are by no means uniform across adrenergic 
receptors subtypes and tissues.  In contrast, as in white 
adipose tissue, we found in BAT that the quantitatively 
most important synergism between thyroid hormone and 
the sympathetic nervous system occurred downstream of 
the receptors, as one would have anticipated from the 
observations by Sundin et al. and Seydoux et al. (67;97) 
mentioned above.   The synergistic effect of thyroid 
hormone on Ucp1 transcription is indeed not limited by the 
reduced β1-AR and β2-AR in BAT as the restoration of the 
response of Ucp1 to adrenergic stimulation is evident 
promptly after giving thyroid hormone, long before the 
number of these receptors is normalized (61).  Lastly, like 
Sundin et al. (97), and others later (100), we also found 
reduced cAMP generation in response to β-AR agonists 
and forskolin in freshly isolated brown adipocytes, but to 
our surprise, when adenylyl cyclase activity was 
investigated in brown adipocyte membranes from 
hypothyroid rats, in standard buffer, the enzyme was equal 
or more active than in membranes from euthyroid brown 
adipocytes (101).  This suggested that in the milieu of the 
whole cell the adenylyl cyclase activation was reduced but 
not when assayed in membranes incubated in standard 
buffer, further suggesting that the adenylyl cyclase 
expressed in hypothyroid BAT was different from that 
expressed in euthyroid rats. Indeed, the analysis showed 
that hypothyroid BAT membrane adenylyl cyclase 
responded to Ca2+ and nucleotides as the type-VI isoform 
in the membranes of hypothyroid brown adipocytes (101). 
We therefore proposed that the reduced response in intact 
cells was due to the intracellular milieu in hypothyroid 
brown adipocytes, containing higher Ca2+ and nucleotide 
concentrations (101). The higher cytosolic calcium 
concentration probably resulted from the increase in α1-AR 
receptors in hypothyroid brown adipocytes (102;103), 
along with the increased sympathetic tone. 

  
As mentioned earlier, BAT D2 is stimulated by 

α1-AR agonists in vivo (77).  However, in vitro studies 
reveal that the primary control is by cAMP, while α1-AR 
agonists alone have little effect but potentiate the effect of 
cAMP in hypothyroid brown adipocytes. Interestingly, this 
synergism is more pronounced in brown adipocytes from 
hypothyroid rats and is rapidly reduced by the 

administration of thyroid hormone to the rats before 
isolating the cells (102).  Indeed, following the cloning of 
D2, a distinct and functional cAMP-response element was 
identified in 5’untranslated region of Dio2 of rodents and 
humans (104).  How then explain the powerful stimulation 
of D2 of α1-AR agonists in euthyroid rats in vivo (77;83)?  
This is probably because BAT of euthyroid rats (77) is 
under significant sympathetic tone at the usual laboratory 
temperature (20-22°C), which is 8-10°C below the 
thermoneutrality temperature (17); thus, the ambient 
concentration of cAMP in the brown adipocytes is 
significant and there is no need to further stimulate cAMP 
production to see the effect of α1-AR agonists..  In 
agreement with this idea, isoproterenol, a pure β-AR 
agonist, is less powerful than NE in stimulating D2 activity 
in euthyroid rats (82;83).   
 
6. ROLE OF D2 AS MASTER SWITCH FOR BAT 
THERMOGENESIS IN RESPONSE TO ENERGY 
AVAILABILITY, OVERALL TEMPERATURE 
HOMEOSTASIS AND OTHER PHYSIOLOGICAL 
NEEDS 
 

The above studies and others compiled in a 
recent review (46) demonstrate complex interactions 
between thyroid hormone and the sympathetic nervous 
system with BAT being no exception.  In rats, D2 plays a 
key role in regulating the expression Ucp1 and UCP1 
activity, in addition to the activity of other enzymes, 
indicating that the regulation of the local T3 concentration 
is critical for the full expression of the thermogenic 
potential of BAT (55;86), but D2 is also involved in 
curbing BAT thermogenesis in states of hyperthyroxinemia 
(66;68), indicating this enzyme activity is regulated 
negatively by the excess of thyroid hormone. Fig.2 shows 
that the higher obligatory thermogenesis is, the lower is 
thermoneutrality temperature and hence the ambient 
temperature at which facultative thermogenesis and heat-
saving mechanisms are activated.  Thyroid hormone 
increases oxygen consumption in many tissues, but notably 
in those that contribute more to obligatory thermogenesis, 
such as heart, liver, kidney and skeletal muscle (105).  It 
makes physiological sense that in hyperthyroidism and 
thyrotoxicosis BAT thermogenesis and its responses to 
sympathetic stimulation be reduced. The importance of D2 
is strongly supported by the cold intolerance and poor 
response to sympathetic stimulation of brown adipocytes of 
D2-knockout mice (88) as well as for the inhibition caused 
by the increased obligatory thermogenesis of 
thyrotoxicosis. In addition to the sympathetic nervous 
system and thyroid hormone itself, D2 activity is 
physiologically regulated, modulated or at least 
significantly affected by other hormones.  This complex 
regulation makes of D2 the master switch for BAT 
thermogenesis, adjusting it to the physiological conditions, 
most notably the level of obligatory thermogenesis and 
food availability, will be examined in more detail in 
forthcoming paragraphs.  

 
As mentioned, however necessary is T3 for a full 

BAT thermogenic response, the excess of thyroid hormone 
in hyperthyroidism or thyrotoxicosis is associated with 
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reduced responses of BAT to adrenergic stimulation, and 
D2 also plays in this biphasic response an important role. 
Thus, D2 activity is sensitive to inhibition by excess its 
physiological substrate, T4.  One µg/100 of T4 per 100 g 
injected to rats accelerates the disappearance of D2 activity 
by a factor of 3-4. This is not unique to BAT D2 but to 
brain D2 and probably other tissues as well. The effect is 
maximal within six hours of giving T4 to hypothyroid rats 
as an intravenous bolus with an ED50 was 0.2 µg/100 g 
(83), which is about 20-25% the daily production rate of T4 
in this species.  Such reaction limits the amounts of the 
more active T3 formed in response to surges of T4 or 
sustained hyperthyroxinemia. For tissues like brain, 
particularly during development, and BAT, the excess of T3 
is as harmful as it is the deficit (106).   

 
The inhibition of D2 by T4 is posttranslational, 

and indeed, it can be accomplished by other substrates of 
the enzyme like reverse-T3 and iopanoic acid, an iodinated 
contrast medium of aromatic structure used for 
cholecystography. The binding of the substrate to the 
enzyme makes it more susceptible to ubiquitination and 
more rapidly cleared from cell by proteasomes (107).  
Therefore, in hyperthyroxinemia and for the matter in 
hyperthyroidism, D2 activity is reduced.  In addition, there 
is evidence that thyroid hormone inhibits sympathetic 
output from the hypothalamus to several tissues, including 
BAT [see (47) for review and references].  These effects 
explain the observations by Sundin et al (68) and 
Triandafillou et al (66) that the injection of 
supraphysiological doses of T4 is associated decreased 
levels of UCP1 at room temperature and reduced responses 
to cold.   

 
The adaptive value of reducing facultative 

thermogenesis when obligatory thermogenesis is increased 
protects the animal from hyperthermia. It is conceivable 
that the hyperthermia of the thyrotoxic storm, which is 
frequently triggered by a stressful situation, results from a 
de-repression of the sympathetic nervous system. Recall 
that peripherally thyroid hormone increases the peripheral 
responsiveness to adrenergic stimulation, so a small 
increase in the availability of epinephrine or norepinephrine 
will be amplified substantially in tissues exposed to an 
excess thyroid hormone.  In hypothyroidism, we see the 
opposite situation: both central sympathetic output and D2 
activity are increased  [(48) and references therein] 
maintaining BAT thyroid hormone receptor T3 occupancy 
in spite of reductions of circulating T4 down to 60% of 
normal (108).  

 
D2 is also highly stimulated by insulin. One unit 

of insulin given intraperitoneally to euthyroid rats increases 
BAT D2 activity 8-10 fold in about 2 hours (82).  The 
stimulation by insulin is fast and marked, and this hormone 
is probably one of the signals in the stimulation of BAT D2 
and thermogenesis following a meal (109). Furthermore, 
insulin and carbohydrates are necessary for a maximal D2 
response to adrenergic stimulation, whereas diabetes and 
fasting nearly abolish the response to cold or exogenous 
NE or isoproterenol, and these effects are reversed by the 
administration of carbohydrates or of insulin to 

streptozotocin-induced diabetes in rats (82). Fasting 
induces a rapid drop in UCP1 which is reversible upon 
refeeding (110;111). These observations indicates that BAT 
thermogenesis is subordinated to the availability of energy 
and is consistent with the observation that central 
sympathetic stimulation is reduced by starvation and 
increased by food, specifically carbohydrates (16;112).  
The stimulation by food of D2 is probably relevant because 
UCP1 or GDP binding move in parallel to D2 in fasting 
and overfeeding.  
 

Hypophysectomized rats have higher levels of 
D2 than hypothyroid rats, suggesting that there could be a 
pituitary hormone inhibiting the enzyme.  Of all hormones 
tested, growth hormone had an inhibitory effect. This 
inhibition, however, required repeated administration of the 
growth hormone, whereas D2 activity increase following 
the induction of hypothyroidism underwent an additional 
increase when the body growth of young rats ceased. Since 
in rats growth hormone synthesis and secretion strictly 
requires the presence of thyroid hormone and growth 
hormone levels rapidly respond to changes in the thyroid 
status (113;114), this body of data indicates that the 
inhibitory effect of growth hormone on D2 is not direct, but 
mediated by IGF-I (83).   

 
This complex regulation of D2 by signals that 

alter obligatory thermogenesis, food and energy needs of 
the body, along with the biphasic effect of thyroid hormone 
on UCP1 expression in BAT make of D2 an important 
switch to coordinate BAT facultative thermogenesis with 
the overall needs of the body.  It appears as though 
evolutionary pressures subordinated BAT thermogenesis to 
energy availability, growth and other functions such as 
lactation, when UCP and BAT activity are also reduced by 
mechanisms to be defined (115;116).  Figure 3 summarizes 
the control of BAT facultative thermogenesis by the 
sympathetic nervous system, thyroid and other hormones, 
highlighting the role of D2 as a distal switch in the system 
to ultimately modulate the responses to sympathetic 
stimulation, nutritional needs and status by locally 
controlling the BAT availability of T3.   

 
It is very important to be cautious and keep in 

mind that most of the observations and studies presented 
have been done in rodents, and predominantly rats.  Even 
though BAT function and responses to cold and food 
availability are virtually the same, the regulation and the 
relative importance of the signals and their underlying 
mechanisms may somewhat differ among species.  For 
example, in the mouse, the regulation of Ucp1 by the 
sympathetic nervous system and thyroid hormone seems 
quantitatively and perhaps qualitatively different.  The 
mouse Ucp1 transcription and mRNA levels appear less 
dependent on thyroid hormone than the rat counterpart. 
Thus, mUCP1 mRNA levels are 2-3 fold higher in 
hypothyroid than in euthyroid mice, as we have observed in 
CD1 and C57Bl mice (unpublished observations; see 
Fig.4.), whereas in hypothyroid rats UCP1 mRNA level is 
lower than in euthyroid rats, although not as much as the 
protein (60;89).  Moreover, the injection of T4, T3 or 
thyroid hormone beta-selective agonists such as GC1
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Figure 3. Schematic representation of the relationships between the various signals modifying BAT facultative thermogenesis. 
The left side of the figure shows the stimulation of BAT by the sympathetic nervous system, the primary activating signal. As a 
site of facultative thermogenesis, BAT activity is turned on by cold. The afferent signals travel from the skin, which senses 
ambient temperature, to the hypothalamus. The signal is modulated by other signals, importantly those that indicate food 
availability, such as insulin and leptin, and probably glycemia itself.  The integration of these signals will determine the intensity 
of the sympathetic signal emerging from the hypothalamus to BAT, as described in the text.  As shown by the extensive 
bibliography, the availability of T3 is important for BAT to realize all its thermogenic potential. The relevance of this has been 
proven experimentally and in mice lacking D2 (55;86;88).  Note the complicated relation with thyroid function.  In 
hypothyroidism, probably as a result of cold stress and reduced obligatory thermogenesis, sympathetic stimulation is increased, 
but the lack of substrate, T4, will result in reduced T3 and lower responsiveness of BAT to the stimulation, both at the signaling 
pathway, particularly that of Gs-protein coupled β-AR, and at the level of distal responses such as the control of Ucp1 
transcription and lipolysis.  The opposite occurs in hyperthyroidism, and here D2 plays an important role being so powerfully 
inhibited by T4 and probably by a reduction in BAT sympathetic stimulation. D2 provides another, distal level for regulation by 
signals like insulin and carbohydrate availability. The specifics of all these regulatory signals is not yet fully understood, nor has 
the physiologically relevance of all been defined. Diabetes and starvation are negative signals that could override the stimulation 
of cold. Lastly, as mentioned in the text, most of this knowledge emanates from studies done in rats, and there is evidence of 
interspecies differences.  
  
 (Figure 4) reduces the levels of UCP1 mRNA in 
hypothyroid mice. This indicates that adrenergic-induced 
cAMP is sufficient to increase UCP1 mRNA in mice, while 
clearly its effect is minimal in hypothyroid rats, where there 
is 5-fold amplification of the effect of cAMP on Ucp1 
transcription or UCP1 mRNA levels by T3 (60). However, 
Ribeiro et al (100) report reduced UCP1 (protein) in 
hypothyroid C57Bl mice which is corrected by T3 but not 
by thyroid hormone receptor beta-selective analog GC1. 
Furthermore, as mentioned before, D2 knockout mice are 
cold intolerant and their brown adipocytes behave as those 
of hypothyroid mice and the deficiencies are all corrected 
by the presence of T3 in a dose dependent manner (88).  
Altogether, these results suggest that in both species, rats 

and mice, thyroid hormone is necessary for the full 
thermogenic effect of BAT but the mechanisms are 
different.  As shown in Figure 4, the differences in the 
Ucp1 regulation may be caused by variations in the thyroid 
hormone response element (TRE) sequence. While rats 
have two thyroid hormone-response elements (TREs) in 
tandem, mice have only the downstream TRE. Besides, the 
rat Ucp1 211 upstream enhancer contains a sequence that 
mediates the synergism between cAMP and T3, which 
seemingly activates an otherwise weak downstream cAMP-
response element, and this cis-acting effect seems to need 
the concurrence of both TREs (92;96;117). These 
observations suggest the NE is the predominant stimulation 
of Ucp1 in mice and the inhibitory effect of T3 or GC1 is 
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Figure 4. Differences between mouse and rat of the relative importance of thyroid hormone for the expression of UCP1.  The 
upper panel shows mRNA in mouse interscapular BAT.  Mouse BAT hypothyroidism is associated with an increase in UCP1 
mRNA, whereas in the rat is reduced ((32;60;89) [rat data have been omitted for simplicity]).  In an apparent paradox, the 
administration of T3 or the thyroid hormone receptor-beta-selective analog, GC1, are associated with normalization or reduction 
of UCP1 mRNA. The experiment shown was done in CD1 mice, but we have observed the same, repeatedly in C57Bl mice. The 
lower panel shows the sequence of the upstream enhancer of UCP1 of both species containing the thyroid response sequences. In 
the rat we identified 2 TREs (92;117), whereas only the lower one is present in the mouse.  
 
indirect, derived probably from the reduction in 
sympathetic tone resulting from the T3 or GC1 stimulation 
of obligatory thermogenesis and/or a direct action in the 
hypothalamus. It is evident that further comparative studies 
are necessary to understand the regulation of the amount 
and activity of UCP1 in BAT by the sympathetic nervous 
system and thyroid hormone in different species. 
 
7.  INTERRELATION BETWEEN OBLIGATORY 
AND FACULTATIVE THERMOGENSIS, AND ROLE 
OF NEURO-HORMONAL SIGNALS 
 

The observation that both cold and overfeeding 
in the form a cafeteria diet (which is a way to induce non-
forced overfeeding in rodents) stimulate BAT via the SNS 
(16;118), expectedly suggested the BAT facultative 
thermogenesis had a dual function, namely cold-adaptation and 
protection against obesity during overeating.  Such concept 
created great excitement and was reinforced by phenotype 
observed in transgenic mice with selective ablation of BAT by 
expressing diphtheria toxin A from the UCP1 promoter (119). 
These mice were –intriguingly- mildly cold intolerant but 
markedly obese, making appear BAT as more important to 
regulate body weight than body temperature and boosting the 
interest in BAT as potential target to treat obesity. When 
results of the targeted deletion of the Ucp1 (Ucp1-/-) were 
reported by Kozak’s lab, it was not surprise that Ucp1-/- mice 
were cold intolerant, but in view of the findings mentioned 
above, it was a big surprise that these mice were not obese.  
Conversely, they ate more than the WT controls, yet they 
were leaner and gained less weight when challenged with a 

high fat diet (120;121).  The Ucp1-/- mice had no increase 
of oxygen consumption but a detailed analysis of the 
respiratory exchange ratio (RER, also called RQ or 
respiratory quotient) suggested that the deletion of the 
Ucp1was associated with increased fat oxidation. Most 
importantly, moving Ucp1-/- and the WT control mice 
from a 21°C environment to one at 27°C resulted in a rapid 
acceleration in weight gain in the Ucp1-/- mice, promptly 
reaching that of the WT controls.  

 
We subsequently had the opportunity of making 

similar but more dramatic observations. Mice lacking all 
products of the thyroid hormone receptor alpha gene [Thra-
0/0 mice, (122)] have lower core body temperature and are 
cold intolerant due to a failure of BAT (by mechanisms 
under investigation) to produce heat in response to NE.  
Thra-0/0 mice have increased metabolic rate, as evidenced 
by increased oxygen consumption and food intake (123), 
and they are leaner than the cognate controls.  Furthermore, 
temperature homeostasis in these mice is highly dependent 
on continued food intake; they burn more fat, and have 
elevated levels of lipoprotein lipase and D2 mRNA in 
muscle, but if they are studied at thermoneutrality 
temperature (30°C) these differences between both 
genotypes are completely negated (124). Thus, Thra-0/0 
mice have qualitatively a similar but quantitatively more 
marked phenotype than that of Ucp1 -/- mice.  The 
common deficiency in these two models, Ucp1 -/- and 
Thra-0/0, is the failure of BAT thermogenesis, and both 
develop a metabolic phenotype that is evidently a form of 
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alternate facultative thermogenesis in response to BAT 
deficiency since it disappears if the mice are reared in a 
warm environment close to or at thermoneutrality 
temperature (121;124). Such an alternate form of 
facultative thermogenesis is an adaptation in these two 
transgenic models to a life-long disabling of BAT 
thermogenesis.  This alternative to BAT facultative 
thermogenesis is more energy expensive and less efficient 
than BAT thermogenesis, as these mice eat more, are less 
sensitive to diet-induced thermogenesis and, while 
sufficient to defend body temperature at cool (20-22°C) is 
insufficient to keep core body temperature in more severe 
cold (4-6°C).  Note that in the wild, particularly in latitudes 
far from the equator, mice live at even colder temperatures, 
so these mice with disabled BAT would certainly died in 
the wild. The nature and site of the alternate BAT 
facultative thermogenesis has not been defined, but changes 
observed in skeletal muscle suggest that this is likely the 
site (124). Nedergaard et al have suggested that Ucp1 -/- 
mice substitute BAT non-shivering thermogenesis by living 
in “a state of chronic shivering (125)”, whereas the group 
of L. P. Kozak defends the hypothesis of an alternative 
non-shivering thermogenesis that would require leptin and 
thyroid hormone (126;127), which our data support (124).  
Thra-0/0 mice have increased D2 mRNA and activity in 
muscle, with the highest enzyme specific activity in slow 
muscle (128), that is rich in mitochondria and normally 
contributes more to thermogenesis than fast twitch or 
glycolytic muscle(129;130). Preliminary observations in 
D2 knockout mouse that also have a disabled BAT (88) 
show that they are not resistant to diet-induced obesity, but 
they are instead more sensitive than the appropriate 
controls (Marsili et al. work in progress), suggesting that 
D2 activation is probably a factor in the hypermetabolism 
of Thra-0/0 mice and their resistance to diet-induced 
obesity.    

 
There are situations in which both facultative 

thermogenesis and obligatory thermogenesis are defective. 
One of them is fasting. The sympathetic stimulation of the 
BAT is reduced in fasting (16) probably in response to 
decreased insulin, leptin and blood glucose concentrations. 
Leptin has a complex action on BAT function. Injections of 
leptin in cerebral ventricles stimulate BAT by a mechanism 
independent on the sympathetic nervous system and only in 
fasted rats (131), but leptin-induced increase in BAT 
oxygen consumption and UCP1 expression is reduced in 
mice lacking all three β-AR (132).  Leptin also increases 
centrally the set point of regulation of thyroid function 
(133).   Indeed, the reduction of oxygen consumption and 
colonic temperature associated with fasting in rats is 
improved by about 50% when fasted rats are given T4 
(134). In pure hypothyroidism, also both facultative 
thermogenesis and obligatory thermogenesis are reduced.  
As mentioned, BAT sympathetic stimulation is increased, 
but BAT thermogenic responses is drastically reduced due 
to the lack of local T3 generation causing a defective NE 
signaling and reduced production and activity of UCP1. 
These animals are extremely sensitive to cold, but our 
experiments providing acute, minute doses of T4 that do not 
improve the systemic hypothyroidism but do normalize 
BAT UCP1 levels via the activated D2 do as well restore 

cold tolerance (55).  In hypothyroidism, core body 
temperature is defended, but at a lower level, by heat 
saving mechanisms (intense vasoconstriction) and 
eventually torpor (10;135). These experiments show the 
conflict between energy availability and thermogenesis, 
and how nature sacrifices thermogenesis during food 
restriction.   

 
An example of primary reduction of obligatory 

thermogenesis and a compensatory response of BAT 
facultative thermogenesis is our studies on mitochondrial 
glycerol-P-dehydrogenase knockout mouse (mGpd -/-).  
This enzyme is rate limiting in the G3P-NADH shuttle, 
which is very important in muscle, where the alternate 
malate-aspartate shuttle is virtually non-existing (40).  The 
importance of the G3P-NADH shuttle in muscle is revealed 
by the increased lactate-pyruvate ratio and G3P in this, but 
not other tissues of mGpd -/- mice (136).  In addition, G3P 
increases oxygen consumption 4-5-fold in skeletal muscle 
slices or shredded muscle fibers and this effect is absent in 
mGpd -/- mice, whereas G3P does not increase oxygen 
consumption in liver slices (unpublished observations). 
These transgenic mice have a slight but significant 
reduction of oxygen consumption in spite of a significant 
increase of T4 and T3 concentrations in circulation and the 
activation of BAT. Moreover, if mGpd -/- mice were kept 
at thermoneutrality temperature, BAT looked quiescent 
and T4 and T3 levels were reduced to the same level in WT 
and mGpd -/- mice (137). The mGpd -/- mice are also more 
sensitive to diet-induced obesity, and such sensitivity is 
clearly greater in females than in males.  This gender 
difference may be due to a higher elevation in circulating 
T3 levels and UCP3 expression at mRNA and protein level 
in males than in females, suggesting that males are better 
defended than females from the reduced obligatory 
thermogenesis derived from the lack of mGPD (136).  
Altogether, these observations demonstrate the complex 
relationships between obligatory thermogenesis, facultative 
thermogenesis and thermoneutrality temperature depicted 
in Fig.2, showing, for example, how the magnitude of 
obligatory thermogenesis increases thermoneutrality 
temperature, moving the activation of facultative 
thermogenesis and heat-saving mechanisms to higher 
ambient temperature. These results also show that the well-
known activation of mGPD by thyroid hormone (138) is 
one of the mechanisms whereby this hormone increases 
obligatory thermogenesis, for oxygen consumption was 
reduced in mGpd -/- mice in spite of a significant increase 
in circulating levels of T4 and T3 (137).         
 
 8. CONCLUDING REMARKS 
 

Homeothermy, being an advantage by constantly 
providing a temperature more appropriate for vital 
functions such locomotion, reproduction, neuromuscular 
function and by expanding the niche of species, increased 
energy demands and created the need to provide 
mechanisms to maintain body temperature at the least 
energy cost.  Increased thermogenesis is an absolute need 
for homeothermy, and this has been accomplished by 
increasing the rate of metabolism, reducing the 
thermodynamic efficiency of some functions, and by the 
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selection of mechanisms that would further increase heat 
production (facultative thermogenesis) when the 
environment becomes cold enough to overcome the heat 
produced by BMR (obligatory thermogenesis) and the 
action of heat-saving mechanisms. Such a need is 
particularly important in smaller animals because of their 
higher surface area-to-volume ratio makes them more 
susceptible to lose heat to a colder environment.  

 
The energy cost of thermogenesis is high. The 

availability of food has always been limiting except in 
recent times that represent a minimal fraction of the 
millions of years that took endothermy and 
homeothermy to evolve. Limiting food and the added 
energy cost of producing heat became selection 
pressures to produce heat at the minimal energy cost and 
to the selection of behavioral mechanisms, hibernation 
and torpor to survive.  

 
In birds, most of FT seems to reside in skeletal 

muscle, and calcium recycling between cytosol and 
sarcoplasmic reticulum appears to be a major 
thermogenic mechanism. Although uncoupling proteins 
have been cloned in birds, they seem to be paralogs of 
the mammal UCP1 and it is to be demonstrated whether 
they play a major temperature homeostatic role.  In 
mammals, UCP1 and BAT appear to be an energy 
efficient mechanism to produce heat on demand.  In the 
absence of this mechanism, mammals resort to 
evolutionary older mechanisms, which are less efficient 
and more energy demanding.  Recent studies 
manipulating genetically the ability of BAT to produce 
heat have made evident the effectiveness of BAT 
facultative thermogenesis. The disruption of BAT 
thermogenesis is associated with increased energy 
demands and the need of continued food supply to 
maintain body temperature in cold environments.  

 
The signals controlling temperature 

homeostasis include: the SNS; thyroid hormone, which 
in homeothermic species acquires a role of controller of 
obligatory thermogenesis and a modulator  facultative 
thermogenesis; and other hormones such as leptin and 
insulin that subordinate thermogenic responses to food and 
energy availability.  Being dependent on food availability, 
the levels of these hormones allow or limit the magnitude 
of thermogenic responses.  Starvation and anorexia nervosa 
are good examples of clinical relevance. The role of these 
hormones in modulating thermogenesis via setting the level 
of function of the thyroid gland is nicely illustrated by the 
depression of thyroidal axis in fasted animals which was 
corrected, but partially, by restoring leptin levels with 
exogenous leptin (133). Since animals were given leptin 
but not food, it is reasonable to assume that the persistent 
low insulin was responsible for the incomplete recovery of 
the thyroidal axis.  

 
The thermogenic effect of thyroid hormone was 

recognized over a century ago (42), yet we still have a 
fragmented understanding as to how thyroid hormone 
acquired the role of stimulating thermogenesis.  D2, being 
strategically located and sensitive to cAMP stimulation as 

well as T4 itself, appears to be a critical factor in regulating the 
concentration of T3, at least 10 times more active than T4, in 
sites of thermogenic potential such as BAT and, according to 
our recent findings, in skeletal muscle.  Recent studies in 
experimental animals adapted to heat show that obligatory 
thermogenesis can be reduced as well and the changes in 
circulating iodothyronines, increase in rT3 and decrease in T3, 
suggest that yet another deiodinase, an inner ring, 5-
iodothyronine deiodinase, called type-3 deiodinase or D3, may 
play a critical role. 

 
Most importantly, this review provides evidence of 

the energy cost of homeothermy is a major factor in our energy 
balance.  Several transgenic mice models of BAT dysfunction 
show that the “strategies” utilized for temperature homeostasis 
have a readily evident impact on energy balance.  Because of 
heat saving and heat dissipating mechanisms, we may maintain 
our temperature homeostasis with different levels of 
thermogenesis within narrow range of ambient temperatures, 
but the differences in energy spend in thermogenesis probably 
have a significant impact our total energy demands and our 
risk to become obese. The study of the relations between the 
cost of temperature homeostasis and energy balance is of 
inescapable importance. 
 
9. ACKNOWLEDGMENTS 
 
 The work done in the laboratory of the author and 
cited here has been funded over years by Howard Hughes 
Medical Institutes, grants from National Institutes of 
Health, Canadian Medical Research Council and of 
Canadian Institutes of Health Research, and more recently 
support from Baystate Medical Center, through the 
Department of Medicine and the Office of Academic 
Affairs.  The author is particularly indebted to Dr. P. Reed 
Larsen as an inspiring mentor and then colleague, and all 
technicians, students and fellows that have contributed to 
the data presented in this review. 
 
10. REFERENCES 
 
1. P. Koteja The evolution of concepts on the evolution 
of endothermy in birds and mammals. Physiol Biochem 
Zool 77:1043-1050 (2004) 
 
2. F. Geiser Ontogeny and phylogeny of endothermy 
and torpor in mammals and birds. Comp Biochem 
Physiol A Mol Integr Physiol 150:176-180 (2008) 
 
3. A. F. Bennett Thermal dependence of locomotor 
capacity. Am J Physiol 259:R253-R258 (1990) 
 
4. M. J. Angilletta Jr.; P. H. Niewiarowski and C. A. 
Navas The evolution of thermal physiology in 
ectotherms. J Therm Biol 27:249-268 (2002) 
 
5. W. J. Hillenius, J. A. Ruben The evolution of 
endothermy in terrestrial vertebrates: Who? When? 
Why? Physiol Biochem Zool 77:1019-1042 (2004) 
 
6. J. R. Speakman Body size, energy metabolism and 
lifespan. J Exp Biol 208:1717-1730 (2005) 



Control of non-shivering facultative thermogenesis 
 

366 

7. P. L. Else, A. J. Hulbert Comparison of the "mammal 
machine" and the "reptile machine": energy production. Am 
J Physiol 240:R3-R9 (1981) 
 
8. A. J. Hulbert, P. L. Else Membranes and the setting of 
energy demand. J Exp Biol 208:1593-1599 (2005) 
 
9. A. J. Hulbert, P. L. Else Basal metabolic rate: history, 
composition, regulation, and usefulness. Physiol Biochem 
Zool 77:869-876 (2004) 
 
10. J. E. Silva Thermogenic Mechanisms and Their 
Hormonal Regulation. Physiol Rev 86:435-464 (2006) 
 
11. J. Diamond. Guns, Germs and Steel. 1st ed. New York 
City: W. W, Norton (1997) 
 
12. J. E. Silva Thyroid Hormone and the Energetic Cost of 
Keeping Body Temperature. Biosci Rep 25:129-148 (2005) 
 
13. K. J. Collins, J. S. Weiner Endocrinological aspects of 
exposure to high environmental temperatures. Physiol Rev 
48:785-839 (1968) 
 
14. P. H. Konits; B. P. Hamilton; E. S. Pruce; M. Whitacre 
and D. H. Van Echo Serum thyroid hormone changes 
during whole body hyperthermia. Cancer 54:2432-2435 
(1984) 
 
15. B. Rousset, M. Cure Variations of rat thyroid activity 
during exposure to high environmental temperature (34 
degrees C). Relation between hypothalamic pituitary and 
thyroid hormone levels. Pflugers Arch 354:101-115 (1975) 
 
16. J. B. Young; E. Saville; N. J. Rothwell; M. J. Stock and 
L. Landsberg Effect of diet and cold exposure on 
norepinephrine turnover in brown adipose tissue of the rat. 
J Clin Invest 69:1061-1071 (1982) 
 
17. C. J. Gordon. Temperature regulation in laboratory 
rodents. New York: Cambridge University Press (1993) 
 
18. D. H. MacLennan, M. S. Phillips Malignant 
hyperthermia. Science 256:789-794 (1992) 
 
19. F. Haman; F. Peronnet; G. P. Kenny; D. Massicotte; C. 
Lavoie; C. Scott and J. M. Weber Effect of cold exposure 
on fuel utilization in humans: plasma glucose, muscle 
glycogen, and lipids. J Appl Physiol 93:77-84 (2002) 
 
20. B. Cannon, J. Nedergaard Brown adipose tissue: 
function and physiological significance. Physiol Rev 
84:277-359 (2004) 
 
21. DO Foster. Quantitative role of brown adipose tissue in 
thermogenesis. In: Trayhurn P, Nicholls DG, eds. Brown 
Adipose Tissue. London: Edward Arnold; 31-51 (1986) 
 
22. D. O. Foster Quantitative contribution of brown adipose 
tissue thermogenesis to overall metabolism. Can J Biochem 
Cell Biol 62:618-622 (1984) 
 

23. D. A. Hughes; M. Jastroch; M. Stoneking and M. 
Klingenspor Molecular evolution of UCP1 and the 
evolutionary history of mammalian non-shivering 
thermogenesis. BMC Evol Biol 9:4.:4 (2009) 
 
24. C. Fleury; M. Neverova; S. Collins; S. Raimbault; O. 
Champigny; C. Levi-Meyruis; F. Bouillaud; M. F. Seldin; 
R. S. Surwit; D. Ricquier and C. H. Warden Uncoupling 
protein-2: a novel gene linked to obesity and 
hyperinsulinemia. Nature Genetics 15:269-272 (1997) 
 
25. D. W. Gong; Y. F. He; M. Karas and M. Reitman 
Uncoupling protein-3 is a mediator of thermogenesis 
regulated by thyroid hormone, b3-adrenergic agonists, and 
leptin. J Biol Chem 272:24129-24132 (1997) 
 
26. A. Vidal-Puig; G. Solanes; D. Grujic; J. S. Flier and B. 
B. Lowell UCP3: An uncoupling protein homologue 
expressed preferentially and abundantly in skeletal muscle 
and brown adipose tissue. Biochem Biophys Res Comm 
235:79-82 (1997) 
 
27. J. C. Clapham; J. R. Arch; H. Chapman; A. Haynes; C. 
Lister; G. B. Moore; V. Piercy; S. A. Carter; I. Lehner; S. 
A. Smith; L. J. Beeley; R. J. Godden; N. Herrity; M. 
Skehel; K. K. Changani; P. D. Hockings; D. G. Reid; S. M. 
Squires; J. Hatcher; B. Trail; J. Latcham; S. Rastan; A. J. 
Harper; S. Cadenas; J. A. Buckingham; M. D. Brand and A. 
Abuin Mice overexpressing human uncoupling protein-3 in 
skeletal muscle are hyperphagic and lean. Nature 406:415-
418 (2000) 
 
28. J. Mozo; Y. Emre; F. Bouillaud; D. Ricquier and F. 
Criscuolo Thermoregulation: what role for UCPs in 
mammals and birds? Biosci Rep 25:227-249 (2005) 
 
29. M. D. Brand; C. Affourtit; T. C. Esteves; K. Green; A. 
J. Lambert; S. Miwa; J. L. Pakay and N. Parker 
Mitochondrial superoxide: production, biological effects, 
and activation of uncoupling proteins. Free Radic Biol Med 
37:755-767 (2004) 
 
30. S. Rousset; M. C. Alves-Guerra; J. Mozo; B. Miroux; 
A. M. Cassard-Doulcier; F. Bouillaud and D. Ricquier The 
biology of mitochondrial uncoupling proteins. Diabetes 53 
Suppl 1:S130-5.:S130-S135 (2004) 
 
31. D. Ricquier; G. Mory; F. Bouillaud; J. Thibault and J. 
Weissenbach Rapid increase of mitochondrial uncoupling 
protein and its mRNA in stimulated brown adipose tissue. 
FEBS Lett 178:240-244 (1984) 
 
32. S. Rehnmark; A. C. Bianco; J. D. Kieffer and J. E. Silva 
Transcriptional and post-transcriptional mechanisms in the 
uncoupling protein mRNA response to cold. Am J Physiol 
262:E58-E67 (1992) 
 
33. C. Duchamp, H. Barré Skeletal muscle as the major site 
of nonshivering thermogenesis in cold-adapted ducklings. 
Am J Physiol Reg Integ Comp Physiol 265:R1076-R1083 
(1993) 
 



Control of non-shivering facultative thermogenesis 
 

367 

34. E. Dumonteil; H. Barre and G. Meissner Expression of 
sarcoplasmic reticulum Ca2+ transport proteins in cold-
acclimating ducklings. Am J Physiol 269:C955-C960 
(1995) 
 
35. J. E. Bicudo; A. C. Bianco and C. R. Vianna Adaptive 
thermogenesis in hummingbirds. J Exp Biol 205:2267-2273 
(2002) 
 
36. N. V. Mezentseva; J. S. Kumaratilake and S. A. 
Newman The brown adipocyte differentiation pathway in 
birds: an evolutionary road not taken. BMC Biol 6:17.:17 
(2008) 
 
37. D. Arsenijevic; H. Onuma; C. Pecqueur; S. Raimbault; 
B. S. Manning; B. Miroux; E. Couplan; M. C. Alves-
Guerra; M. Goubern; R. Surwit; F. Bouillaud; D. Richard; 
S. Collins and D. Ricquier Disruption of the uncoupling 
protein-2 gene in mice reveals a role in immunity and 
reactive oxygen species production. Nat Genet 26:435-439 
(2000) 
 
38. D. F. S. Rolfe, G. C. Brown Cellular Energy 
Utilization and Molecular Origin of Standard Metabolic 
Rate in Mammals. Physiol Rev 77:731-758 (1997) 
 
39. T. Clausen; C. van Hardeveld and M. E. Everts 
Significance of cation transport in control of energy 
metabolism and thermogenesis. Physiol Rev 71:733-774 
(1991) 
 
40. A. L. Lehninger, D. L. Nelson and M. M. Cox. 
Principles of Biochemistry. Second Edition ed. New 
York: Worth Publishers (1993) 
 
41. L. D. Meis Energy interconversion by the 
sarcoplasmic reticulum Ca2+-ATPase: ATP hydrolysis, 
Ca2+ transport, ATP synthesis and heat production. An 
Acad Bras Cienc 72:365-379 (2000) 
 
42. A. Magnus-Levy Ueber den respiratorischen 
Gaswechsel unter Einfluss de Thyroidea sowie unter 
verschiedenen pathologische Zustand. Berlin Klin 
Wochschr 32:650-652 (1895) 
 
43. V. van Ginneken; B. Ballieux; E. Antonissen; L. R. 
van der; A. Gluvers and T. G. van den Direct 
calorimetry of free-moving eels with manipulated 
thyroid status. Naturwissenschaften 94:128-133 (2007) 
 
44. B. B. Gupta, P. Chakrabarty Effects of thyroidal, 
gonadal and adrenal hormones on tissue respiration of 
streaked frog, Rana limnocharis, at low temperature. 
Indian J Exp Biol 28:23-26 (1990) 
 
45. R. T. Weirich; H. L. Schwartz and J. H. 
Oppenheimer An Analysis of the Interrelationship of 
Nuclear and Plasma Triiodothyronine in the Sea 
Lamprey, Lake Trout,and Rat:  Evolutionary 
Considerations. Endocrinology 120:664-677 (1987) 
 

46. J. E. Silva, S. D. Bianco Thyroid-adrenergic 
interactions: physiological and clinical implications. 
Thyroid 18:157-165 (2008) 
 
47. JE Silva. Thermogenesis and the Sympathoadrenal 
System in Thyrotoxicosis. In: Braverman LE, Utiger RD, 
eds. Werner and Ingbar's The Thyroid, A Fundamental and 
Clinical Text. Ninth ed. Philadelphia: Lippincott-Williams 
& Wilkins; 607-620 (2005) 
 
48. JE Silva. Intermediary Metabolism and the 
Sympathoadrenal System in Hypothyroidism. In: 
Braverman LE, Utiger RD, eds. Werner and Ingbar's The 
Thyroid, A Fundamental and Clinical Text. Ninth ed. 
Philadelphia: Lippincott-Williams & Wilkins; 817-823 
(2005) 
 
49. M. Klingenberg, S. G. Huang Structure and function of 
the uncoupling protein from brown adipose tissue. Biochim 
Biophys Acta 1415:271-296 (1999) 
 
50. M. Klingenberg Mechanism and evolution of the 
uncoupling protein of brown adipose tissue. Trends 
Biochem Sci 15:108-112 (1990) 
 
51. O. Boss; P. Muzzin and J. P. Giacobino The uncoupling 
proteins, a review. Eur J Endocrinol 139:1-9 (1998) 
 
52. D. G. Nicholls A history of UCP1. Biochem Soc Trans 
29:751-755 (2001) 
 
53. D. G. Nicholls The non-Ohmic proton leak--25 years 
on. Biosci Rep 17:251-257 (1997) 
 
54. D. Ricquier, J. C. Kader Mitochondrial protein 
alteration in active brown fat: a soidum dodecyl sulfate-
polyacrylamide gel electrophoretic study. Biochem Biophys 
Res Commun 73:577-583 (1976) 
 
55. A. C. Bianco, J. E. Silva Intracellular conversion of 
thyroxine to triiodothyronine is required for the optimal 
thermogenic function of brown adipose tissue. J Clin Invest 
79:295-300 (1987) 
 
56. K. D. Garlid; M. Jaburek and P. Jezek The mechanism 
of proton transport mediated by mitochondrial uncoupling 
proteins. FEBS Lett 438:10-14 (1998) 
 
57. M. M. Gonzalez-Barroso; C. Fleury; F. Bouillaud; D. 
G. Nicholls and E. Rial The uncoupling protein UCP1 does 
not increase the proton conductance of the inner 
mitochondrial membrane by functioning as a fatty acid 
anion transporter. J Biol Chem 273:15528-15532 (1998) 
 
58. DG Nicholls, SA Cunningham, and E Rial. The 
bioenergetic mechanisms of brown adipose tissue 
thermogenesis. In: Trayhurn P, Nicholls DG, eds. Brown 
Adipose Tissue. London: Edward Arnold; 52-85 (1986) 
 
59. L Girardier, J Seydoux. Neural Control of Brown 
Adipose Tissue. In: Trayhurn P, Nicholls DG, eds. Brown 



Control of non-shivering facultative thermogenesis 
 

368 

Adipose Tissue. First ed. London, UK: Arnold; 122-151 
(1986) 
 
60. A. C. Bianco; X. Sheng and J. E. Silva 
Triiodothyronine amplifies norepinephrine stimulation of 
uncoupling protein gene transcription by a mechanism not 
requiring protein synthesis. J Biol Chem 263:18168-18175 
(1988) 
 
61. A. Rubio; A. Raasmaja; A. L. Maia; K.-R. Kim and J. 
E. Silva Effects of Thyroid Hormone on Norepinephrine 
Signalling in Brown Adipose Tissue. I: b1- and b2-
Adrenergic Receptors and Cyclic Adenosine 
Monophosphate Generation. Endocrinology 136:3267-3276 
(1995) 
 
62. P. Muzzin; J. P. Revelli; F. Kuhne; J. D. Gocayne; W. 
R. McCombie; J. C. Venter; J.-P. Giacobino and C. M. 
Fraser An adipose tissue-specific b-adrenergic receptor. 
Molecular cloning and down-regulation in obesity. J Biol 
Chem 266:24053-24058 (1991) 
 
63. V. S. Susulic; R. C. Frederich; J. Lawitts; E. Tozzo; B. 
B. Kahn; M. E. Harper; J. Himms-Hagen; J. S. Flier and B. 
B. Lowell Targeted disruption of the beta(3)-adrenergic 
receptor gene. J Biol Chem 270:29483-29492 (1995) 
 
64. E. S. Bachman; H. Dhillon; C. Y. Zhang; S. Cinti; A. C. 
Bianco; B. K. Kobilka and B. B. Lowell betaAR signaling 
required for diet-induced thermogenesis and obesity 
resistance. Science 297:843-845 (2002) 
 
65. G. Mory; D. Ricquier; P. Pesquies and P. Hemon 
Effects of hypothyroidism on the brown adipose tissue of 
adult rats: Comparison with the effects of adaptation to the 
cold. J Endocrinol 91:515-524 (1981) 
 
66. J. Triandafillou; C. Gwilliam and J. Himms-Hagen Role 
of thyroid hormone in cold-induced changes in rat brown 
adipose tissue mitochondria. Can J Biochem 60:530-537 
(1982) 
 
67. J. Seydoux; J.-P. Giacobino and L. Girardier Impaired 
metabolic response to nerve stimulation in brown adipose 
tissue of hypothyroid rats. Mol Cell Endocrinol 25:213-226 
(1982) 
 
68. U. Sundin GDP binding to rat brown fat mitochondria: 
Effects of thyroxine at different ambient temperature. Am J 
Physiol 241:C134-C139 (1981) 
 
69. D. Ricquier; F. Bouillaud; P. Toumelin; G. Mory; R. 
Bazin; J. Arch and L. Penicaud Expression of Uncoupling 
Protein mRNA in Thermogenic or Weakly Thermogenic 
Brown Adipose Tissue. J Biol Chem 261:13905-13910 
(1986) 
 
70. T. J. Visser; M. M. Kaplan; J. L. Leonard and P. R. 
Larsen Evidence for two pathways of iodothyronine 5'-
deiodination in rat pituitary that differ in kinetics, 
propylthiouracil sensitivity, and response to 
hypothyroidism. J Clin Invest 71:992-1002 (1983) 

71. J. E. Silva; J. L. Leonard; F. R. Crantz and P. R. Larsen 
Evidence for two tissue-specific pathways for in vivo 
thyroxine 5'-deiodination in the rat. J Clin Invest 69:1176-
1184 (1982) 
 
72. P. R. Larsen Update on the human iodothyronine 
selenodeiodinases, the enzymes regulating the activation 
and inactivation of thyroid hormone. Biochem Soc Trans 
25:588-592 (1997) 
 
73. J. E. Silva, P. R. Larsen Pituitary nuclear 3,5,3'-
triiodothyronine and thyrotropin secretion: an explanation 
for the effect of thyroxine. Science 198:617-619 (1977) 
 
74. F. R. Crantz; J. E. Silva and P. R. Larsen An analysis of 
the sources and quantity of 3,5,3'- triiodothyronine 
specifically bound to nuclear receptors in rat cerebral 
cortex and cerebellum. Endocrinology 110:367-375 (1982) 
 
75. J. E. Silva, P. R. Larsen Comparison of iodothyronine 
5'-deiodinase and other thyroid- hormone-dependent 
enzyme activities in the cerebral cortex of hypothyroid 
neonatal rat. J Clin Invest 70:1110-1123 (1982) 
 
76. J. L. Leonard; S. A. Mellen and P. R. Larsen Thyroxine 
5'-deiodinase activity in brown adipose tissue. 
Endocrinology 112:1153-1155 (1983) 
 
77. J. E. Silva, P. R. Larsen Adrenergic activation of 
triiodothyronine production in brown adipose tissue. 
Nature 305:712-713 (1983) 
 
78. J. E. Silva, P. R. Larsen Contributions of plasma 
triiodothyronine and local thyroxine monodeiodination to 
triiodothyronine and nuclear triiodothyronine receptor 
saturation in pituitary, liver and kidney of hypothyroid rats. 
Further evidence relating saturation of pituitary nuclear 
triiodothyronine receptors and the acute inhibition of 
thyroid- stimulating hormone release. J Clin Invest 
61:1247-1259 (1978) 
 
79. J. E. Silva; T. E. Dick and P. R. Larsen The 
contribution of local tissue thyroxine monodeiodination to 
the nuclear 3,5,3'-triiodothyronine in pituitary, liver and 
kidney of euthyroid rats. Endocrinology 103:1196-1207 
(1978) 
 
80. P. R. Larsen, R. D. Frumess Comparison of the 
biological effects of thyroxine and triiodothyronine in the 
rat. Endocrinology 100:980-988 (1977) 
 
81. A. C. Bianco; D. Salvatore; B. Gereben; M. J. Berry 
and P. R. Larsen Biochemistry, cellular and molecular 
biology, and physiological roles of the iodothyronine 
selenodeiodinases. Endocr Rev 23:38-89 (2002) 
 
82. J. E. Silva, P. R. Larsen Hormonal regulation of 
iodothyronine 5'-deiodinase in rat brown adipose tissue. Am 
J Physiol 251:E639-E643 (1986) 
 
83. J. E. Silva, P. R. Larsen Interrelationships among 
thyroxine, growth hormone, and the sympathetic nervous 



Control of non-shivering facultative thermogenesis 
 

369 

system in the regulation of 5'-iodothyronine deiodinase in 
rat brown adipose tissue. J Clin Invest 77:1214-1223 
(1986) 
 
84. J. E. Silva, P. Matthews Thyroid hormone metabolism 
and the source of plasma triiodothyronine in 2-week old 
rats: Effects of thyroid status. Endocrinology 114:2394-
2405 (1984) 
 
85. J. E. Silva; M. B. Gordon; F. R. Crantz; J. L. Leonard 
and P. R. Larsen Qualitative and quantitative differences in 
the pathways of extrathyroidal triiodothyronine generation 
between euthyroid and hypothyroid rats. J Clin Invest 
73:898-907 (1984) 
 
86. A. C. Bianco, J. E. Silva Optimal response of key 
enzymes and uncoupling protein to cold in brown adipose 
tissue depends on local T3 generation. Am J Physiol 
253:E255-E263 (1987) 
 
87. A. C. Bianco, J. E. Silva Cold exposure rapidly 
produces virtual saturation of brown adipose tissue nuclear 
T3 receptors. Am J Physiol 255:E496-E508 (1988) 
 
88. L. A. de Jesus; S. D. Carvalho; M. O. Ribeiro; M. 
Schneider; S. W. Kim; J. W. Harney; P. R. Larsen and A. 
C. Bianco The type 2 iodothyronine deiodinase is essential 
for adaptive thermogenesis in brown adipose tissue. J Clin 
Invest 108:1379-1385 (2001) 
 
89. J. E. Silva Full expression of uncoupling protein gene 
requires the concurrence of norepinephrine and 
triiodothyronine. Mol Endocrinol 2:706-713 (1988) 
 
90. A. M. Cassard-Doulcier; C. Gelly; F. Bouillaud and D. 
Ricquier A 211-bp enhancer of the rat uncoupling protein-1 
(UCP-1) gene controls specific and regulated expression in 
brown adipose tissue. Biochem J 333:243-246 (1998) 
 
91. U. C. Kozak; J. Kopecky; J. Teisinger; S. Enerbäck; B. 
B. Boyer and L. P. Kozak An upstream enhancer regulating 
brown-fat specific expression of the mitochondrial 
uncoupling protein gene. Mol Cell Biol 14:59-67 (1994) 
 
92. R. Rabelo; A. Schifman; A. Rubio; X. Sheng and J. E. 
Silva Delineation of Thyroid Hormone Responsive 
Sequences within a Critical Enhancer in the Rat 
Uncoupling Protein Gene. Endocrinology 136:1003-1013 
(1995) 
 
93. R. Rabelo; C. Reyes; A. Schifman and J. E. Silva A 
Complex Retinoic Acid Response Element in the 
Uncoupling Protein Gene Defines a Novel Role for 
Retinoids in Thermogenesis. Endocrinology 137:3488-
3496 (1996) 
 
94. F. Villarroya; M. Giralt and R. Iglesias Retinoids and 
adipose tissues: metabolism, cell differentiation and gene 
expression. Int J Obes Relat Metab Disord 23:1-6 (1999) 
 
95. U. C. Kozak; W. Held; D. Kreutter and L. P. Kozak 
Adrenergic regulation of the mitochondrial uncoupling 

protein gene in brown fat tumor cells. Mol Endocrinol 
6:763-772 (1992) 
 
96. J. E. Silva, R. Rabelo Regulation of the Uncoupling 
Protein Gene Expression. Eur J Endocrinol 136:251-264 
(1997) 
 
97. U. Sundin; I. Mills and J. N. Fain Thyroid-
catecholamine interactions in isolated brown adipocytes. 
Metabolism:Clin &Expt 33:1028-1033 (1984) 
 
98. L. T. Williams; R. J. Lefkowitz; A. M. Watanabe; D. R. 
Hathaway and H. R. Besch, Jr. Thyroid hormone regulation 
of beta-adrenergic receptor number. J Biol Chem 252:2787-
2789 (1977) 
 
99. A. Rubio; A. Raasmaja and J. E. Silva Effects of 
Thyroid Hormone on Norepinephrine Signalling in Brown 
Adipose Tissue. II: Differential Effects of Thyroid 
Hormone on b3-Adrenergic Receptors in Brown and White 
Adipose Tissue. Endocrinology 136:3277-3284 (1995) 
 
100. M. O. Ribeiro; S. D. Carvalho; J. J. Schultz; G. 
Chiellini; T. S. Scanlan; A. C. Bianco and G. A. Brent 
Thyroid Hormone-Sympathetic Interaction and Adaptive 
Thermogenesis Are Thyroid Hormone Receptor 
Isoform-Specific. J Clin Invest 108:97-105 (2001) 
 
101. S. D. Carvalho; A. C. Bianco and J. E. Silva 
Effects of Hypothyroidism on Brown Adipose Tissue 
Adenylyl Cyclase Activity. Endocrinology 137:5519-
5529 (1996) 
 
102. M. Noronha; A. Raasmaja; N. Moolten and P. R. 
Larsen Triiodothyronine causes a rapid reversal of 
a1/cAMP synergism on brown adipose tissue respiration 
and Type II deiodinase activity. Metabolism:Clin &Expt 
40:1327-1332 (1991) 
 
103. J. P. Bilezikian, J. N. Loeb The influence of 
hyperthyroidism and hyperthyroidism on a- and b- 
adrenergic receptor systems and adrenergic 
responsiveness. Endocr Rev 4:378-388 (1983) 
 
104. G. Canettieri; F. S. Celi; G. Baccheschi; L. 
Salvatori; M. Andreoli and M. Centanni Isolation of 
human type 2 deiodinase gene promoter and 
characterization of a functional cyclic adenosine 
monophosphate response element. Endocrinology 
141:1804-1813 (2000) 
 
105. S. B. Barker, H. M. Klitgaard Metabolism of 
Tissues Excised from Thyroxine-Injected Rats. J 
Physiol (Lond ) 170:81-86 (1952) 
 
106. J. Bernal, J. Nunez Thyroid hormones and brain 
development. Eur J Endocrinol 133:390-398 (1995) 
 
107. J. Steinsapir; A. C. Bianco; C. Buettner; J. Harney 
and P. R. Larsen Substrate-induced down-regulation of 
human type 2 deiodinase (hD2) is mediated through 
proteasomal degradation and requires interaction with 



Control of non-shivering facultative thermogenesis 
 

370 

the enzyme's active center. Endocrinology 141:1127-
1135 (2000) 
 
108. S. D. Carvalho; E. T. Kimura; A. C. Bianco and J. E. 
Silva Central role of brown adipose tissue thyroxine 
5'deiodinase on thyroid hormone-dependent thermogenic 
response to cold. Endocrinology 128:2149-2159 (1991) 
 
109. Z. Glick; S. Y. Wu; J. Lupien; R. Reggio; G. A. Bray 
and D. A. Fisher Meal-induced brown fat thermogenesis 
and thyroid hormone metabolism in rats. Am J Physiol 
249:E519-E524 (1985) 
 
110. P. Trayhurn, G. Jennings Evidence that fasting can induce 
a selective loss of uncoupling protein from brown adipose 
tissue mitochondria of mice. Biosci Rep 6:805-810 (1986) 
 
111. N. J. Rothwell; M. E. Saville and M. J. Stock Brown fat 
activity in fasted and refed rats. Biosci Rep 4:351-357 (1984) 
 
112. J. B. Young, L. Landsberg Effect of concomitant fasting 
and cold exposure on sympathoadrenal activity in rats. Am J 
Physiol 240:E314-E319 (1981) 
 
113. P. J. Burstein; B. Draznin; C. J. Johnson and D. S. 
Schalch The effect of hypothyroidism on growth, serum 
growth hormone, the growth hormone-dependent 
somatomedin, insulin-like growth factor, and its carrier protein 
in rats. Endocrinology 104:1107-1111 (1979) 
 
114. D. F. Wood; J. A. Franklyn; K. Docherty; D. B. Ramsden 
and M. C. Sheppard The effect of thyroid hormones on growth 
hormone gene expression in vivo in rats. J Endocrinol 
112:459-463 (1987) 
 
115. P. Trayhurn, D. Richard Brown adipose tissue 
thermogenesis and the energetics of pregnancy and lactation in 
rodents. Biochem Soc Transac 13:826-828 (1985) 
 
116. F. Villarroya; A. Felipe and T. Mampel Sequential 
changes in brown adipose tissue composition, cytochrome 
oxidase activity and GDP binding throughout pregnancy and 
lactation in the rat. Biochim Biophys Acta 882:187-191 (1986) 
 
117. R. Rabelo; C. Reyes; A. Schifman and J. E. Silva 
Interactions among receptors, thyroid hormone response 
elements and ligands in the regulation of the rat uncoupling 
protein gene by thyroid hormone. Endocrinology 137:3478-
3487 (1996) 
 
118. N. J. Rothwell, M. J. Stock Similarities between cold- and 
diet-induced thermogenesis in the rat. Can J Physiol Pharmacol 
58:842-848 (1980) 
 
119. B. B. Lowell; V. D. Susulic; A. Hamann; J. A. Lawitts; 
J. Himms-Hagen; L. P. Kozak and J. S. Flier Development 
of obesity in transgenic mice after genetic ablation of 
brown adipose tissue. Nature 366:740-742 (1993) 
 
120. S. Enerbäck; A. Jacobsson; E. M. Simpson; C. Guerra; 
H. Yamashita; M. E. Harper and L. P. Kozak Mice lacking 

mitochondrial uncoupling protein are cold-sensitive but not 
obese. Nature 387:90-94 (1997) 
 
121. X. Liu; M. Rossmeisl; J. McClaine and L. P. Kozak 
Paradoxical resistance to diet-induced obesity in UCP1-
deficient mice. J Clin Invest 111:399-407 (2003) 
 
122. K. Gauthier; M. Plateroti; C. B. Harvey; G. R. 
Williams; R. E. Weiss; S. Refetoff; J. F. Willott; V. Sundin; 
J. P. Roux; L. Malaval; M. Hara; J. Samarut and O. 
Chassande Genetic analysis reveals different functions for 
the products of the thyroid hormone receptor alpha locus. 
Mol Cell Biol 21:4748-4760 (2001) 
 
123. H. Marrif; A. Schifman; Z. Stepanyan; M. A. Gillis; 
A. Calderone; R. E. Weiss; J. Samarut and J. E. Silva 
Temperature Homeostasis in transgenic mice lacking 
thyroid hormone receptor alpha gene products. 
Endocrinology 146:2872-2884 (2005) 
 
124. P. Pelletier; K. Gauthier; O. Sideleva; J. Samarut and 
J. E. Silva Mice lacking the thyroid hormone receptor-alpha 
gene spend more energy in thermogenesis, burn more fat, 
and are less sensitive to high-fat diet-induced obesity. 
Endocrinology 149:6471-6486 (2008) 
 
125. J. Nedergaard; V. Golozoubova; A. Matthias; I. 
Shabalina; K. Ohba; K. Ohlson; A. Jacobsson and B. 
Cannon Life without UCP1: mitochondrial, cellular and 
organismal characteristics of the UCP1-ablated mice. 
Biochem Soc Trans 29:756-763 (2001) 
 
126. J. Ukropec; R. V. Anunciado; Y. Ravussin and L. P. 
Kozak Leptin is required for uncoupling protein-1-
independent thermogenesis during cold stress. 
Endocrinology 147:2468-2480 (2006) 
 
127. J. Ukropec; R. P. Anunciado; Y. Ravussin; M. W. 
Hulver and L. P. Kozak UCP1-independent thermogenesis 
in white adipose tissue of cold-acclimated Ucp1-/- mice. J 
Biol Chem 281:31894-31908 (2006) 
 
128. W. Ramadan; S. Huang; A. Marsili; P. R. Larsen and 
J. E. Silva, Mouse Skeletal Muscle Microsomes have Type-
2 Iodothyronine Deiodinase (D2) mRNA and Activity. 
Possible Role in the Hypermetabolism of TRa-Deficient 
Mice. p 177 2009 (Abstract) 
 
129. W. S. Simonides, C. van Hardeveld Effects of the 
thyroid status on the sarcoplasmic reticulum in slow 
skeletal muscle of the rat. Cell Calcium 7:147-160 (1986) 
 
130. W. S. Simonides; M. H. Thelen; C. G. van der Linden; 
A. Muller and C. van Hardeveld Mechanism of thyroid-
hormone regulated expression of the SERCA genes in 
skeletal muscle: implications for thermogenesis. Biosci Rep 
21:139-154 (2001) 
 
131. J. F. Surmely; M. J. Voirol; N. Stefanoni; F. 
ssimacopoulos-Jeannet; J. P. Giacobino; E. Jequier; R. C. 
Gaillard and L. Tappy Stimulation by leptin of 3H GDP 



Control of non-shivering facultative thermogenesis 
 

371 

binding to brown adipose tissue of fasted but not fed rats. 
Int J Obes Relat Metab Disord 22:923-926 (1998) 
 
132. C. S. Asensio; D. Arsenijevic; L. Lehr; J. P. 
Giacobino; P. Muzzin and F. Rohner-Jeanrenaud Effects of 
leptin on energy metabolism in beta-less mice. Int J Obes 
(Lond) 32:936-942 (2008) 
 
133. R. S. Ahima; D. Prabakaran; C. Mantzoros; D. Qu; B. 
Lowell; E. Maratos-Flier and J. S. Flier Role of leptin in the 
neuroendocrine response to fasting. Nature 382:250-252 
(1996) 
 
134. M. Hayashi, T. Nagasaka Suppression of 
norepinephrine-induced thermogenesis in brown adipose 
tissue by fasting. Am J Physiol 245:E582-E586 (1983) 
 
135. C. J. Gordon Behavioral and autonomic 
thermoregulation in the rat following propylthiouracil-
induced hypothyroidism. Pharmacol Biochem Behav 
58:231-236 (1997) 
 
136. A. Alfadda; R. A. DosSantos; Z. Stepanyan; H. Marrif 
and J. E. Silva Mice with Deletion of the Mitochondrial 
Glycerol-3-Phosphate Dehydrogenase Gene Exhibit a 
Thrifty Phenotype. Effect of Gender. Am J Physiol Regul 
Integr Comp Physiol 287:R147-R156 (2004) 
 
137. R. A. DosSantos; A. Alfadda; K. Eto; T. Kadowaki 
and J. E. Silva Evidence for a compensated thermogenic 
defect in transgenic mice lacking the mitochondrial 
glycerol 3-phosphate dehydrogenase gene. Endocrinology 
144:5469-5479 (2003) 
 
138. Y. P. Lee, H. A. Lardy Influence of thyroid hormones 
on l-a-glycerophosphate dehydrogenases and other 
dehydrogenases in various organs of the rat. J Biol Chem 
240:1427-1436 (1965) 
 
Key Words: Body Temperature Control, Thermogenesis, 
Thyroid Hormones, Sympathetic Nervous System, Energy 
Balance, Review 
 
Send correspondence to: J. Enrique Silva, MD, at Baystate 
Medical Center, Division of Endocrinology, Diabetes and 
Metabolism, Room S2620, 759 Chestnut Street, Springfield, 
Massachusetts, 01199, Tel:413-794-0207, Fax: 413-794-9329, 
E-mail: j.enrique.silva@baystatehealth.org 
 
http://www.bioscience.org/current/volS3.htm 
 
 
 


