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Abstract

The recruitment and activation of energy-consuming brown
adipocytes is currently considered as potential therapeutic
approach to combat obesity. Thyroid hormones (TH) signifi-
cantly contribute to full thermogenic capacity of brown adi-
pocytes. A number of recent studies suggest that TH also in-
duce the recruitment of brown adipocytes in white adipose
depots, a process known as browning. In this review, we will
summarize underlying mechanisms by which TH mediate
brown adipose tissue activity and white adipose tissue brown-
ing. Furthermore, we will discuss the relevance of TH-induced
white adipose tissue browning for thermoregulation.
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Thyroid Hormones and Energy Metabolism

Thyroid hormones (TH) are main regulators of basal
metabolism and are important for heat generation during
shivering and nonshivering cold adaptation [1]. Changes
in the thyroidal state are associated with changes in key
metabolic pathways — mainly in the brain, skeletal mus-

cle, liver, pancreas, and adipose tissue - that control en-
ergy expenditure (EE) and energy storage [1]. TH stimu-
late the basal metabolic rate, in particular through en-
hancement of adenosine triphosphate (ATP) production
and generation and maintenance of ion gradients [1]. For
instance, TH increase the production of ATP in muscle
and simultaneously stimulate futile cycles involving Na*/
K* ATPase and SERCA (sarcoplasmic/endoplasmic re-
ticulum Ca?* ATPase), which leads to increased ATP
consumption [2]. The effect of TH on EE is probably best
illustrated in clinical states of hypo- or hyperthyroidism
where EE can decrease or increase up to 3 times compared
to baseline [3]. TH negatively regulate their own produc-
tion and secretion through central mechanisms modulat-
ing the hypothalamic-pituitary-thyroid (HPT) axis via
thyrotropin-releasing hormone (TRH) and subsequent
thyroid-stimulating hormone (TSH) secretion. The cen-
tral regulation of TH production by TRH/TSH integrates
adrenergic signaling and metabolic signals [4]. In addi-
tion to basal EE, TH are involved in adaptive thermogen-
esis. TH cross the blood-brain barrier and act on the hy-
pothalamus to increase sympathetic nervous system
(SNS) activation [4]. Furthermore, the TH axis can mod-
ulate the heat-generating capability of brown adipose tis-
sue (BAT) via uncoupling protein 1 (UCP1). UCP1 dis-
sipates the electrochemical gradient in the mitochondrial
membrane that drives ATP synthesis, which leads to in-
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creased activity of the respiratory chain and heat release
[5]. Collectively, this underlies the importance of TH for
energy metabolism, body weight, and body temperature
regulation. In humans, this paradigm is probably best re-
flected in hypo- or hyperthyroid patients. Hypothyroid-
ism is associated with weight gain, whereas hyperthyroid-
ism results in body weight reduction as a consequence of
catabolic effects on muscle and adipose tissue. Changes in
body weight and visceral fat mass correlate with TSH [6,
7]. Furthermore, T3 levels are directly associated with
BMI and waist circumference [7]. For a detailed review of
human studies on the cross talk between TH and adipose
tissue we refer to the literature [8-10]. However, it is yet
not fully clear whether changes in TSH and peripheral TH
are a cause or a consequence of under- or overweight.
Furthermore, changes in TSH and TH might be a revers-
ible adaptation process in response to weight change.
Thus, in a study of Reinehr et al. [11], TSH and T3 were
reversibly related to body weight in patients before and
after weight loss (obese patients) and weight gain (ano-
rectic patients). However, treatment of obesity and re-
lated metabolic diseases with TH appeared to be less ef-
fective than expected [reviewed in ref. 9]. Diet-induced
weight loss is commonly attenuated by the drop in resting
metabolic rate due to decreased T3 levels. However, T3
administration to euthyroid obese patients to induce rest-
ing metabolic rate and favor weight loss is disputable.
First, adverse side effects of TH treatment include in-
creased heart rate, cardiac hypertrophy, muscle wasting,
and reduced bone density [12]. Second, the T3-mediated
increase in EE can be compensated by increased energy
intake due to central stimulation of appetite. Likewise,
T3-induced lipolysis is accompanied by the induction of
lipogenic programs. Addressing specific TH actions with
selective TH mimetics seems to be more suitable to
achieve weight loss in obese subjects (discussed in later
sections) [9].

Thermogenic Flexibility of Adipocytes

Adipose tissue is a remarkably dynamic organ that re-
sponds to environmental and internal stimuli by modulat-
ing intrinsic metabolic pathways. It mainly consists of 2
types of adipocytes, which serve opposite functions in en-
ergy balance regulation. White adipocytes, characterized
by a large lipid droplet, are specialized in lipid storage and
mobilization of energy in the form of free fatty acids. Brown
adipocytes exhibit multiple small lipid droplets and nu-
merous mitochondria that contain UCP1, allowing uncou-
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pling of oxidative phosphorylation for defense against hy-
pothermia (Fig. 1) [5]. BAT is richly innervated by sympa-
thetic nerves and blood vessels. Hence, thermogenic
capacity can be increased by induction of proliferation and
morphological changes in BAT in case of cold tempera-
tures or high caloric diet to maintain body temperature or
to get rid of excess energy [13]. As a consequence, there is
much interest in activating and utilizing the thermogenic
properties of brown adipocytes as a therapeutic target
against obesity and other metabolic diseases. Furthermore,
it has long been recognized that white adipose tissue
(WAT) of cold-exposed rodents can undergo extensive
remodeling into a thermogenic phenotype. The process
termed “WAT browning” is marked by emergence of
UCP1+ multilocular adipocytes which appear to be mo-
lecularly and functionally distinct from brown adipocytes
[14]. These “beige” adipocytes occur primarily in inguinal
fat and are highly inducible in response to environmental
conditions and external cues, particularly chronic cold ac-
climatization, exercise, long-term treatment with agonists
of peroxisome proliferator-activated receptor y (PPARY),
or B;-adrenergic receptor (PAR3), or in hypermetabolic
diseases like cancer cachexia [15]. Beige adipocytes have
also been observed to revert to a unilocular white adipocyte
phenotype, accompanied by a loss of UCP1 expression in
response to environmental warmth. However, beige ca-
pacity is preserved and reactivated under renewed cold ex-
posure [16]. To date it is not fully clarified whether beige
adipocytes occur through transdifferentiation, a direct
conversion of one differentiated cell into the other without
dedifferentiation, or whether the white-beige switch sim-
ply reflects beige adipocytes in an inactive (dormant) and
active thermogenic state [16]. Brown and white fat depots
systemically affect target tissues like liver, heart, or central
nervous system by secretion of regulatory molecules
termed adipokines. Besides their endocrine action, adipo-
kines may also contribute in an autocrine and paracrine
manner to EE and systemic metabolic rate via the activa-
tion of thermogenesis [17].

Brown Adipocyte Thermogenesis

Peripheral Effects of TH on BAT Thermogenesis

The tissue-specific TH action depends on transmem-
brane transport, intracellular activation, or inactivation
by deiodinases as well as expression and activity of thy-
roid receptors (TR), nuclear corepressors, and nuclear
coactivators, which modulate gene transcription [1]. BAT
exhibits a high number of TRs similar to liver or pituitary
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Fig. 1. Central and peripheral actions of thyroid hormones (TH)
on adipose tissues. Cold exposure activates the sympathetic ner-
vous system (SNS) and norepinephrine (NE) release. Thyrotropin-
releasing hormone (TRH)-expressing neurons in the paraven-
tricular nucleus (PVN) are activated upon cooling, leading to
augmented sympathetic outflow and increased TH release via the
hypothalamic-pituitary-thyroid axis. T3 administration in the
ventromedial nucleus of the hypothalamus (VMH) further acti-
vates SNS by inhibition of AMPK phosphorylation. NE and T3 act
in a synergistic manner to regulate metabolic activity. White adi-
pose tissue (WAT) is regulated by circulating T3, as T4-converting
deiodinase 2 (DIO2) is suppressed by liver X receptor (LXR). T3
enhances NE-induced lipolysis by increasing the number of f1,2-
adrenergic receptors (f1,2-AR), postreceptor signaling, and ex-

[18]. Both isoforms are required for adequate adaptive
thermogenesis in BAT. While TRal is needed to main-
tain normal adrenergic responsiveness of brown adipo-
cytes, TRP mediates T3-regulated Ucpl mRNA expres-
sion [19]. However, TR is not essential for Ucp1 expres-
sion in BAT, since UCP1 mRNA and protein expression
levels were comparable between TRP-knock out (KO)
and wild-type mice [20]. In contrast, T3-stimulated Ucp1
expression in inguinal WAT is dependent on TR [20].
Heat production in BAT is stimulated by the SNS but has
an absolute requirement for TH. Thus, local T3 and the
catecholamine norepinephrine (NE) released from sym-

Thyroid Hormones and Thermogenesis

pression of lipolytic enzymes as carnitine palmitoyltransferase la
(CPT1a). Free fatty acids (FFA) serve as substrate and activator for
thermogenesis in brown adipose tissue (BAT). Here, intracellular
T3 is regulated by DIO2 activity, which is activated in the course
of B5-adrenergic activation or by bile acids via the G protein-cou-
pled membrane bile acid receptor (TGR5). The inhibitor LXR is
suppressed by the adipokine adipocyte fatty acid-binding protein
(A-FABP). T3 and adrenergic stimulation interact to increase
UCP1 gene expression and substrate delivery, promoting thermo-
genesis. TH receptor o (TRa) mediates synergistic effects of TH
signaling and SNS, whereas TR} modulates UCP1 expression. Ad-
renergic actions are mediated by the cAMP/protein kinase A path-
way. Green, activation; red, inhibition.

pathetic nerve endings act synergistically to stimulate mi-
tochondrial UCP1 protein expression and heat genera-
tion in BAT (Fig. 1) [21]. While T3 and NE each increase
UCP1 expression 2-fold separately, there is a 20-fold in-
duction of UCP1 when both agents are combined [21].
Mice with global deletion of TRal, TRal/TRp, or all TRa
isoforms (TRa0/0) display cold intolerance associated
with impaired BAT thermogenesis, based on reduced NE
responses [18]. The local T3 level in brown adipocytes is
controlled by deiodinase 2 (DIO2), the main enzyme con-
verting T4 to the active T3 (Fig. 1) [22]. In fact, local ac-
tion of TH during cold-induced BAT thermogenesis was
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Fig. 2. Effects of TH on white adipose tissue (WAT) browning.
Hyperthyroidism as well as the TRB-specific agonists triiodothyr-
acetic acid (TRIAC) and GC-1 induce UCP1 expression in ingui-
nal WAT (iWAT). Synergistic action is assumed for the adipokine
fibroblast growth factor 21 (FGF21) via transcriptional factor
PPARYy coactivator 1 (PGCla). T3 directly promotes hepatic ex-
pression and secretion of FGF21 in a PPARa-dependent manner.
WAT browning seems to occur independent of the sympathetic

firstimplied in rats in which enhanced sympathetic nerve
function was found to increase DIO2 activity [22]. The
importance of DIO2 for local production of T3 was dem-
onstrated in mice with targeted Dio2 gene (D27/7) disrup-
tion. Upon cold exposure, brown adipocytes of D27/~
mice exhibit high lipolytic rates, based on constant NE
stimulation, in order to compensate for decreased adren-
ergic responsiveness. This culminates in impaired BAT
thermogenesis and hypothermia due to the depletion of
lipid stores [23]. In addition to adrenergic stimuli, DIO2
activity can be increased as well by metabolically active
molecules like insulin or bile acids [1] (Fig. 1).

Central Effects of TH on BAT Thermogenesis

The traditional concept of peripheral actions of TH on
adaptive thermogenesis was challenged by several studies
suggesting additional central mechanisms in hyperthy-
roidism. In rats, centrally administered T3 acutely acti-
vated BAT in an AMP-activated protein kinase (AMPK)-
dependent manner by increasing sympathetic output.
This effect was blocked by a targeted expression of a mu-
tant TR in the ventromedial nucleus of the hypothalamus
[24]. Furthermore, hypothalamic TRH itself affects ther-
mogenesis in BAT [25]. Cold exposure activates TRH-
expressing neurons in the paraventricular nucleus which
subsequently increase sympathetic outflow to BAT [25].
In addition, cooling induces a shift in the set point of the
HPT axis, which results in increased TH release [26]
(Fig. 1).
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nervous system (SNS) to compensate states of brown adipose tis-
sue (BAT) inactivity. However, thermogenic activity of beige adi-
pocytes still remains to be confirmed. Inactivation of liver X recep-
tor (LXR) was observed to increase UCP1 expression in WAT due
toincreased TRH expression in the paraventricular nucleus (PVN).
Further experiments are needed to distinguish between central
and peripheral effects of LXR inhibition. Green, activation; red,
inhibition.

WAT Browning

Peripheral Effects of TH on WAT Browning

It has been recognized that TH and several endoge-
nous TH metabolites also induce browning of WAT.
First evidence is suggested by the presence of Dio2
mRNA and activity in human preadipocytes [27] as well
as by T3-induced UCP1 expression, mitochondrial bio-
genesis, and increased oxygen consumption in human
multipotent adipose-derived stem cells [28]. The T3 me-
tabolite 3,5-diiodo-L-thyronine (3,5-T2) was demon-
strated not only to activate BAT thermogenesis in hypo-
thyroid rats [29] but also to promote WAT browning in
rats under high-fat diet at thermoneutrality, marked by
reduced adipocyte size and increased mitochondrial
UCPI1 protein content [30]. Application of the deami-
nated T3 metabolite triiodo-thyracetic acid (TRIAC) to
rats induced Ucpl mRNA expression in abdominal
WAT, in contrast to T3 or even cold exposure [31].
TRIAC has a higher affinity for TRB1 than T3 in various
cell types, including brown adipocytes, indicating a crit-
ical role for the TRp isoform [31]. Accordingly, chronic
administration of the synthetic, TRpB-specific agonist
GC-1 to ob/ob mice induced marked browning of ingui-
nal WAT (iWAT), accompanied with increased core
body temperature and whole-body EE. In intrascapular
BAT, gene and protein expression of UCP1 as well as
BE-fluorodeoxyglucose (**F-FDG) uptake was reduced,
which suggests that the metabolic effects of GC-1 were
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exclusively mediated by WAT browning instead of BAT
activation [32]. The direct action of GC-1 on UCPI1 ex-
pression has been confirmed in primary white adipo-
cytes, whereas GC-1 treatment in UCP1-KO mice failed
to induce thermogenesis (Fig. 2) [32]. Further insights
into organ-specific actions of T3 have been delivered by
studies with a glucagon/T3 conjugate which selectively
targets glucagon receptor-positive tissues such as liver
and iWAT [33]. Comparable to systemic T3, glucagon/
T3 application led to iWAT browning in male C57BL/6]
mice, evidenced by the formation of small, multilocular
adipocytes as well as increased expression of Ucpl and
other thermogenic genes. Whereas both T3 and gluca-
gon/T3 raised EE, only T3 enhanced food intake, loco-
motor activity, and body temperature. However, the de-
gree of body weight loss was markedly higher in gluca-
gon/T3-treated mice than in mice treated with T3 only
[33]. These findings suggest that TH regulation of en-
ergy metabolism and thermogenesis is multilayered and
involves various organs beyond adipose tissue. Another
interesting aspect is that the effect of the glucagon/T3
conjugate on body weight and EE was only attenuated
but not fully abolished in male UCP1-KO mice [33],
which indicates an additional mechanism to promote
WAT browning, such as induction of fibroblast growth
factor 21 (FGF21) (Fig. 2) [34]. We recently investigated
the effect of TH on WAT browning in female C57BL/6N
mice. Surprisingly, we observed features of WAT brown-
ing not only in female hyperthyroid but also in hypothy-
roid mice compared to euthyroid controls when housed
at room temperature. They showed increased thermo-
genic gene expression and multilocular UCP1+ adipo-
cytes in both iWAT and gonadal WAT [35]. Induction
of the thermogenic program in WAT seemed to be com-
pensatory in response to decreased heat production ac-
cording to reduced BAT activity in small-animal '®F-
FDG positron emission tomography (PET) measure-
ments [35]. However, given that the genetic background
essentially contributes to the complexity of metabolic
responses, this should be considered for interpretation
of dataonadiposetissue plasticity. Forinstance, C57BL/6
substrains vary with respect to metabolic parameters,
EE, and activity levels due to genetic drifts, all influenc-
ing body weight and thermoregulation [36]. Especially
for KO model generation, it is critical to avoid mixed
backgrounds, if possible, and to choose suitable controls
[36]. Furthermore, cold exposure studies in mice have
shown that subcutaneous adipose tissue depots are more
susceptible to browning than visceral adipose tissue be-
cause of greater sympathetic innervation and turnover

Thyroid Hormones and Thermogenesis

of NE [13, 37, 38]. Also, sex hormones likely affect WAT
function beyond their role in WAT distribution. Thus,
it is of interest to investigate a potential thermogenic ef-
fect in both genders using suitable controls and avoiding
mixed backgrounds [36].

Central Effects of TH on WAT Browning

Recent data provide evidence for a central action of
TH on WAT browning. Central application of T3 in-
creased UCP1 expression in BAT and browning of iWAT,
associated with increased oxygen consumption and body
temperature, due to a decrease in hypothalamic AMPK
phosphorylation [39]. The central effects of T3 on energy
metabolism were abolished in UCP1-deficient mice [39].
Interestingly, the decarboxylated and deiodinated T3
metabolite 3-iodothyronamine (3-T1AM) led to an ana-
pyrexic decrease in body temperature through central in-
duction of tail vasodilation. Compensatory activation of
BAT thermogenesis, probably also WAT browning,
seemed to be centrally blocked in an AMPK-dependent
manner [40]. Other endogenous TH derivatives such as
iodine-free thyronamine (TOAM) or 3-iodo-thyroacetic
acid (TA1) revealed no or insignificant effects on thermo-
regulation [40].

However, the paradigm that adipose tissue is the pri-
mary target of central TH has recently been challenged by
a landmark publication dissecting the contribution of
central and peripheral effects of T3 on WAT browning
[20]. T3-induced browning was confirmed to require
TR, since browning was absent in hyperthyroid TRp-
KO mice [20]. Interestingly, it occurred independently
from SNS, as neither NE nor cAMP levels were elevated
in iWAT, and the browning effect was still observed at
thermoneutrality where adipose tissue is functionally de-
nervated [20] (Fig. 2). In addition to the increased resting
metabolic rate at thermoneutrality, T3-treated mice dis-
played increased lipid uptake and glycogen disposal in
skeletal muscle. The authors concluded that the muscle is
the primary source of peripheral hyperthermia in T3-
treated mice rather than BAT or beige adipose tissue [20].
Therefore, this study adds novel understanding to other
observations showing UCP1-independent pyrexia in T4-
treated mice [41] and a reduced demand for adaptive
thermogenesis in response to acute cold stress in T4-in-
duced thyrotoxic rats [42]. The thermogenic response in
BAT appears to decrease in states where other T3 target
tissues like skeletal muscle and probably iWAT are ther-
mogenically activated [43].
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Interaction between TH and Adipokines

It has been appreciated that adipose tissue not only acts
as a storage organ but also as an endocrine organ that pro-
duces and secrets a number of biologically active factors,
so-called “adipokines.” The dysregulated expression of
adipokines is linked to the pathogenesis of obesity and
metabolic disorders. As mentioned above, while it is
known that changes in TSH/TH levels are associated with
a change in body weight, only little is known about the
underlying physiological pathways. A number of studies
provided evidence for a central role of the adipokine leptin
for the regulation of the HPT axis. In rodents, leptin pro-
motes TRH biosynthesis through actions on TRH neu-
rons and is important to stabilize the HPT axis during di-
et-induced obesity [44-46]. In a clinical context, the im-
portance of a balanced interaction of leptin with the HPT
axis is best exemplified in patients with leptin deficiency.
Here the application of leptin leads to normalization of
serum TH and TSH serum levels [47]. Interestingly, there
is a high synchronicity between the secretion of leptin and
TSH [48]. Moreover, a correlation between leptin and
TSH has been reported in many cross-sectional and lon-
gitudinal studies [reviewed in ref. 10]. Conversely, TH
regulate leptin mRNA and serum levels [49]. TSH treat-
ment directly stimulated leptin secretion in-vitro [50] and
in vivo most likely through TSH receptor activation [51,
52]. Altogether, these data provide compelling evidence
that the connection between TH and leptin through TSH
is important for body weight control and maintenance of
energy balance. Furthermore, it is very likely that the in-
terplay between TH and adipokines also contributes to
adaptive thermogenesis. FGF21 is produced and secreted
by the liver and promotes its browning effect mainly
through induction of the PPARY coactivator 1 (PGCla),
one of the central players of WAT browning [53]. T3 was
also shown to directly induce hepatic expression of Fgf21
in a TRP- and PPARa-dependent fashion (Fig. 2) [54].
The T3/glucagon conjugate study published by Finan et
al. [33] revealed an enhanced hepatic expression of FGF21
along with increased WAT browning. The thermogenic
effect of the glucagon/T3 conjugate was only blunted but
not fully abolished, neither in FGF217/~ nor UCP1”/~ mice,
suggesting a synergistic action of T3, UCP1, and FGF21.
It remains to be clarified whether this contributes to the
browning of WAT observed in mice with peripheral hy-
perthyroidism [20]. Another adipokine implicated in
adaptive thermogenesis is the adipocyte fatty acid-bind-
ing protein (A-FABP). A-FABP accelerates thermogene-
sis in BAT by promoting DIO2-induced T3 production
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via inhibition of the DIO2-repressing nuclear liver X re-
ceptor (LXR) a (Fig. 1) [55]. Likewise, the thermogenic
response of T4 is blunted in A-FABP-KO mice but en-
hanced by A-FABP [55]. Moreover, mice with LXR inac-
tivation showed increased Ucpl expression in iWAT, as-
sociated with an increased Trh expression in the paraven-
tricular nucleus, more TSH-positive cells in the anterior
pituitary, hypertrophy of thyrocytes, and increased circu-
lating T3 [56] (Fig. 2). LXRa has also been shown to cell
autonomously inhibit Ucpl expression in white adipo-
cytes [57]. Hence, future studies with neuronal-specific
LXR-KO are needed to confirm the association of WAT
browning and central HPT axis modulation in this model
as well as to identify central LXR signaling mediators in
the physiological setting.

Is TH-Induced Beige Fat Thermogenically Active?

Regardless of the observed TH-induced browning, the
relevant question is whether increased beige UCP1+ adi-
pocytes indicate thermogenic function. It is technically
challenging to distinguish between brown and beige adi-
pocyte heat production in vivo, since both are activated
by adrenergic mechanisms. Determination of UCP1 ex-
pression, sympathetic activation, and mitochondrial con-
tent are useful surrogate markers of beige thermogenic
activation. The current gold standard to visualize meta-
bolically active adipose tissue is 'F-FDG PET/CT [58].
However, detection of present but inactive brown and
beige adipocytes is difficult. Furthermore, FDG accumu-
lation reflects high glucose uptake and utilization and not
necessarily increased thermogenic rate, as adrenergically
stimulated uptake occurs even in the absence of UCP1
[59]. BAT is known to accumulate other tracers display-
ing fatty acid uptake (**F-fluoro-triheptadecanoic acid,
BF-THA), intracellular fatty acid synthase activity (!'C-
acetate), and adrenergic innervation (!**I-metaiodoben-
zylguanidine, '*1-MIBG) [60]. It is to be clarified wheth-
er these techniques are also suitable to image thermogen-
ic activation of beige adipocytes.

The contribution of TH-induced WAT browning to
an elevated body temperature was recently investigated in
the above-mentioned study of Johann et al. [20]. In hy-
perthyroid mice, neither "®F-FDG nor lipid uptake was
elevated in iWAT although UCP1 levels were increased
[20]. Moreover, even T3-treated UCP1-KO mice exhibit
WAT browning associated with an equivalent increase in
body temperature compared to T3-treated wild-type
mice. Finally, the T3 effect on WAT browning was dem-
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onstrated to be SNS independent, as it sustained at ther-
moneutrality [20]. To date, it is still unclear which factors
finally contribute to browning in hyperthyroid mice, al-
though FGF-21 or glucagon are discussed as promising
candidates [61]. Anyway, the study underscores the fact
that the mere presence of UCP1 is insufficient to draw
conclusions about thermogenic activation and therapeu-
tic potential of browning agents.

Conclusion

The concept of central and peripheral actions of TH on
BAT thermogenesis is well established. Recent findings
suggest an additional regulatory role of TH for the induc-
tion of UCP1+ beige adipocytes in white adipose depots.
Even though these data appear promising in regard of
therapeutic approaches, thermogenic activity of beige ad-
ipocytes remains questionable, since several studies indi-
cate that UCP1 expression in beige adipocytes not neces-
sarily associates with metabolic activity. There are many
issues to be answered: What is the relevance of beige adi-
pocytes for thermoregulation in hypothyroid mice? To
which extent is the coordination between central and pe-
ripheral pathways affected by dynamic changes in TH se-
rum levels? How is this associated with differential activa-
tion of thermogenic tissues, e.g., BAT, WAT, and skeletal
muscle, and which other factors mediate the effects TH on
body weight control and maintenance of energy balance?
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