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The advent of homeothermy during evolution brought with it the need of mechanisms to produce heat to maintain body
temperature in environments usually colder than the body. Thermogenic mechanisms are customarily classified as either
obligatory or facultative. Obligatory thermogenesis (OT) represents the energy dissipated as heat in the many energetic
transformations inherent to life. As discussed below, OT may be higher in warm-blooded species, possibly reflecting a
lower thermodynamic efficiency of homeothermic machine compared with the poikilothermic machine. Facultative, or
adaptive, thermogenesis (FT) is the additional heat production that the body activates in response to cold or overfeeding.
The magnitude of OT determines the thermoneutrality temperature — the environmental temperature at which FT is
activated, at which point neither heat-producing nor heat-dissipating mechanisms are activated, and body temperature is
maintained solely on the basis of OT. The thyroid gland is present in all vertebrate species, and the hormones produced
by its follicular epithelium (collectively, thyroid hormone, TH) play important roles in development, the most dramatic and
well-known example being amphibian metamorphosis. Warm-blooded species are unique, however, in that TH increases
oxygen consumption and stimulates enzymes, such as the mitochondrial 3-phosphate glycerol dehydrogenase and
lipogenic enzymes (1), that may be accessory to their thermogenic effect. That TH increases the rate of aerobic
metabolism and heat production has been known for over [...]
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The advent of homeothermy during
evolution brought with it the need of
mechanisms to produce heat to main-
tain body temperature in environ-
ments usually colder than the body.
Thermogenic mechanisms are custom-
arily classified as either obligatory or
facultative. Obligatory thermogenesis
(OT) represents the energy dissipated
as heat in the many energetic transfor-
mations inherent to life. As discussed
below, OT may be higher in warm-
blooded species, possibly reflecting a
lower thermodynamic efficiency of
homeothermic machine compared
with the poikilothermic machine. Fac-
ultative, or adaptive, thermogenesis
(FT) is the additional heat production
that the body activates in response to
cold or overfeeding. The magnitude of
OT determines the thermoneutrality
temperature — the environmental tem-
perature at which FT is activated, at
which point neither heat-producing
nor heat-dissipating mechanisms are
activated, and body temperature is
maintained solely on the basis of OT.

The thyroid gland is present in all ver-
tebrate species, and the hormones pro-
duced by its follicular epithelium (col-
lectively, thyroid hormone, TH) play
important roles in development, the
most dramatic and well-known example
being amphibian metamorphosis.
Warm-blooded species are unique, how-
ever, in that TH increases oxygen con-
sumption and stimulates enzymes, such
as the mitochondrial 3-phosphate glyc-
erol dehydrogenase and lipogenic
enzymes (1), that may be accessory to
their thermogenic effect. That TH
increases the rate of aerobic metabolism
and heat production has been known
for over a century (2), but we still do not
have a clear understanding of this phys-
iological role of the thyroidal secretion.

TH, FT, and brown adipose tissue
For a long time it was assumed that
TH stimulated only OT. The recogni-

tion that it also plays an essential role
in FT is recent and has gradually
evolved, starting with the realization
that brown adipose tissue (BAT) and
its unique mitochondrial uncoupling
protein (UCP) are central to FT in
mammals. BAT of hypothyroid rats
fails to respond to cold with an
increase in guanosine di phosphate
(GDP) binding to its mitochondria (a
measure of UCP concentration and
activation); but, while this failure and
the associated hypothermia can be
readily corrected by administering
physiological doses of T4, higher doses
of this hormone are, surprisingly, asso-
ciated with reduced, rather than fur-
ther increased, GDP binding (3). These
observations led to the idea that TH
played only a permissive role in ther-
mogenesis by BAT. This permissive
role, it later emerged, was more appar-
ent than real. First, sympathetic stim-
ulation of BAT bears an inverse rela-
tionship to the thyroid status (ref. 4
and references therein). Secondly, the
BAT content of the most active TH, T3,
is strongly influenced by the type II
iodothyronine 5’ deiodinase (D2),
which is activated by the sympathetic
nervous system and inhibited power-
fully by its substrate, T4 (5). In
hypothyroidism, BAT will be highly
stimulated but will be less responsive
because of the lack of TH. In hyper-
thyroidism, conversely, BAT will be
understimulated, an effect that is com-
pounded by the reduction in D2 activ-
ity resulting from both the lower sym-
pathetic activity and the excess of Ta.

Based on this understanding of the
physiological regulation of D2, it
became apparent that UCP levels vary
dramatically with T; concentration in
BAT and that D2 effectively provides
the T; necessary for a maximal ther-
mogenic response to adrenergic stim-
ulation (6, 7). This led ultimately to
the finding that T3 directly and inde-
pendently stimulates UCP gene tran-

scription in the rat, as does cAMP,
and that these two stimuli synergisti-
cally enhance the activity of the UCP
promoter (reviewed in ref. 8). The
findings by Ribeiro et al. (9), pub-
lished in this issue of the JCI, bring
additional strong support to the con-
cept the TH plays an essential role in
FT and demonstrate such a role in
another species, the mouse, which
had been questioned (10).

Distinct roles for the o. and § TH
receptor isoforms

From a wider perspective, Ribeiro et al.
(9) provide further support to the con-
cept that multiple mechanisms have
been selected through evolution for
TH to stimulate heat production.
They confirm that TH contributes to
BAT thermogenesis in two ways: by
stimulating the expression of critical
elements of the norepinephrine (NE)
signaling pathway and by inducing the
UCP directly. They further demon-
strate that TH action on a limiting ele-
ment of the NE signaling pathway is
mediated by the o; TH receptor (TR)
isoform, while the BTR is sufficient to
stimulate UCP. However, in view of the
absolute requirement for UCP in the
thermogenic response (11) and the
absence of a thermogenic defect in
BTR-deficient mice (12), it appears
that, whereas the oy TR isoform is
indispensable for the NE signaling, the
BTR isoform is not strictly required to
induce UCP stimulation. It should be
noted that most of the work defining
the TH response elements in the UCP
gene employed cells transfected with
B1TR (13), the most abundant isoform
of BTR. Therefore, it would now be of
interest to repeat those studies in cells
expressing only the o4 TR.

The selective or preferential use of a
TR isoform by TH is not unprecedent-
ed. The BTR seems to play a an essen-
tial role in TSH regulation and
cochlear development (14), while «TR
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seems to be more important in medi-
ating the chronotropic and inotropic
effects of TH on the heart (15, 16). The
lower body temperature of 04TR-
knockout (o, TR-KO), but not BTR-
KO, mice (15, 16) appears to implicate
the o TR in the thermogenic effect of
TH. Following up on this observation,
Ribeiro et al. (9) now show that TR is
essential for TH to restore the levels of
a factor in the NE signaling pathway,
downstream of the adrenergic recep-
tors, that is limiting in hypothy-
roidism. They observe that when
hypothyroid rats are treated with the
BTR-selective analogue GC1 (9), not
only does cAMP generation in BAT
remain impaired, but the animals’
heart rate fails to increase, in contrast
to animals treated with T3. Thus, the
o TR isoform appears to be important
for NE signaling in other tissues as
well. In turn, this finding suggests that
the impaired NE signaling is at the
core of the thermoregulatory deficitin
the o, TR-deficient mice, a conclusion
that is further supported by the fact
that FT remains impaired in hypothy-
roid mice treated with GC1, even
though the analogue restores normal
levels of UCP. One might argue that
the lower body temperature of the
0,{TR-KO mice at room temperature is
also due to the sympathetic deficiency.
Since 22-23°C (“room temperature”)
is below thermoneutrality for small
rodents (28-30°C), mice maintained
at 22°C will need to activate FT to
maintain their core temperatures. This
reasoning, however, does not exclude
the participation of 0y TR in the main-
tenance of OT, as discussed below.

The importance of thermodynamic
inefficiency in thermogenesis
Paradoxically, in spite of the compara-
tively recent awareness of the role of
TH in FT, we know more of the mecha-
nisms involved in the activation of this
form of thermogenesis than in that of
OT. BAT thermogenesis shows us that
reducing the thermodynamic efficien-
cy of biological processes may subserve
the purpose of generating heat to
maintain body temperature. Is it possi-
ble that such a “strategy” had been
selected as well to enhance OT? The
answer is probably yes, and TH is likely
to play a central role. Consider a poik-
ilothermic animal (for example, a
lizard), placed at the thermoneutrality
temperature of a mammal of the same

size (e.g., a mouse; 30°C). While the
lizard will rapidly equilibrate its body
temperature with the ambient, the
mouse will remain homeothermic and
without activating FT, since by defini-
tion is at thermoneutrality tempera-
ture. We can infer from this simple
observation that OT is higher in the
mouse than in the lizard, and indeed
the mammal has a faster metabolic
rate, both globally and on an organ-by-
organ basis (17). Moreover, other find-
ings suggest that the increased heat
production is due, at least in part, to a
lower thermodynamic efficiency of the
mammal (18) and not merely to a larg-
er number of energy transactions in the
mammalian machine. Interestingly
enough, comparison of hypothyroid
and euthyroid rat muscle shows that,
for any given amount of mechanical
work, the euthyroid muscle generates
more heat (19). Similarly, euthyroid
hepatocytes spend more ATP to gener-
ate the same amount of glycogen from
lactate than hypothyroid hepatocytes
(20). Therefore, TH seems to reduce the
thermodynamic efficiency of the
warm-blooded machine for the sake of
producing heat. An analysis of possible
mechanisms suggested that the stimu-
lation of ATP turnover, reflecting more
“metabolic business,” can only explain
about 50% of the thermogenic effect of
TH (21). Harper and Brand arrived at
the same conclusion studying hepato-
cytes from hypo-, eu-, and hyperthyroid
rats (22) and proposed that the differ-
ence was accounted for by an uncou-
pling of ATP synthesis via a regulated
proton leak, much in the same way
UCP uncouples phosphorylation in
BAT. The cloning of UCP2 and UCP3
genes brought the hope that their
products might explain the thermo-
genic effect through a TH-induced
reduction in the thermodynamic effi-
ciency of ATP generation. However, the
targeted disruption of the correspon-
ding genes does not seem to support
such expectation (23, 24).

While some of the molecular mecha-
nisms whereby TH stimulates OT
remain unaccounted for , the article by
Ribeiro etal. (9) invites speculation on
the extent to which the TR could
mediate metabolic effects of TH. As
mentioned above, one can argue that
the half-a-degree-lower core tempera-
ture of the .1 TR-deficient mouse (16)
is due to a reduced FT caused by a lim-
iting l1TR-dependent factor in the

NE signaling pathway. However, the
extent to which FT participates in
maintaining body temperature at
room temperature (about 22°C) has
not been defined. UCP-null mice
apparently do not show hypothermia
at room temperature, and their sensi-
tivity to cold was revealed by the chal-
lenge of exposing them at 5°C (11). It
is therefore conceivable that FT does
not play a major role in maintaining
temperature in mildly cold environ-
ments; hence, the mild hypothermia of
the o, TR-null mice may be caused toa
significant extent by reduced OT. It
would be interesting to examine these
mice at thermoneutrality as well under
blockade of the sympathetic nervous
system to define the role of a putative
sympathetic impairment in their ther-
moregulatory insufficiency. Further-
more, it would be of interest to exam-
ine other responses to adrenergic
stimulation, such as lipolysis and glu-
coneogenesis, to determine to what
extent the L1 TR isoform is involved in
lipolysis or other metabolic effects of
TH that could be necessary for the
thermogenic response.

Potential clinical implications

There are multiple potential clinical
implications of the findings by Ribeiro
et al. (9) and the emerging concept of
TR isoform-selective responses to TH.
Further analysis is needed of the TR
isoform selectivity of the multiple
effects of TH. The availability of an
o TR-selective agonist may allow a
direct test to determine which of TH’s
effects are specific to this receptor iso-
form and to investigate the sources of
variability of the responses to TH in
thyroid dysfunction. The development
of additional isoform-specific agonists
and antagonists would clearly be use-
ful in this regard. One might even be
able to induce the effects of TH selec-
tively, activating thermogenesis, for
example, without concomitantly stim-
ulating appetite and lipogenesis,
which counteract the energy dissipa-
tion caused by TH. We have recently
shown that an individual’s resting
energy expenditure is very sensitive to
minor variations in the availability of
TH (25), yet we know that thyroid can-
cer patients do not show weight loss in
response to the mild hyperthyroidism
we purposely induce with L-T4 to
maintain plasma thyroid stimulatin
factor (TSH) reduced. This indicates
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that the increased appetite and lipoge-
nesis compensate for the increase in
energy expenditure. It makes sense
that the thermogenic effect of TH has
been coupled to stimulation of
appetite and lipogenesis during evolu-
tion; otherwise, the advent of the ther-
mogenic effect of TH would have
increased energy demands without
supplying metabolic energy to meet
them. It might now be helpful for the
treatment of obesity if we could disso-
ciate these effects.
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