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Abstract

The hypothalamus is a brain region in charge of many vital fanctions. Among
them, BAT thermogenesis represents an essential physiological function to
maintain body temperature. In the metabolic context, it has now been
established that energy expenditure attributed to BAT function can contribute
to the energy balance in a substantial extent. Thus, therapeutic interest in this
regard has increased in the last years and some studies have shown that BAT
function in humans can make a real contribution to improve diabetes and
obesity-associated diseases. Nevertheless, how the hypothalamus controls
BAT activity is still not fully understood. Despite the fact that much has been
known about the mechanisms that regulate BAT activity in recent years, and
that the central regulation of thermogenesis offers a very promising target,
many questions remain still unsolved. Among them, the possible human
application of knowledge obtained from rodent studies, and drug
administration strategies able to specifically target the hypothalamus. Here, we
review the current knowledge of homeostatic regulation of BAT, including the
molecular insights of brown adipocytes, its central control, and its implication
in the development of obesity.
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Abstract

The hypothalamus is a brain region in charge of many vital functions. Among them, BAT thermogenesis represents an essential
physiological function to maintain body temperature. In the metabolic context, it has now been established that energy expen-
diture attributed to BAT function can contribute to the energy balance in a substantial extent. Thus, therapeutic interest in this
regard has increased in the last years and some studies have shown that BAT function in humans can make a real contribution to
improve diabetes and obesity-associated diseases. Nevertheless, how the hypothalamus controls BAT activity is still not fully
understood. Despite the fact that much has been known about the mechanisms that regulate BAT activity in recent years, and that
the central regulation of thermogenesis offers a very promising target, many questions remain still unsolved. Among them, the
possible human application of knowledge obtained from rodent studies, and drug administration strategies able to specifically
target the hypothalamus. Here, we review the current knowledge of homeostatic regulation of BAT, including the molecular

insights of brown adipocytes, its central control, and its implication in the development of obesity.

Keywords Thermogenesis - Hypothalamus - Obesity - Brown adipose tissue - Browning - White adipose tissue

Introduction: brown adipose tissue
through history

Firstly anatomically described by Konrad Gessner in 1551 in the
inter-scapular region of marmots, the brown fat was originally
termed “‘hibernating gland” due to its presumed role during the
hibernation phase of these animals. However, it was only in
1961 that the brown adipose tissue (BAT) was really identified
as a thermogenic organ responsible for non-shivering thermo-
genesis generating heat through several metabolic processes [1].
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BAT differs from the white adipose tissue (WAT) in terms of
function and morphology. While BAT adipocytes contain large
number of small lipid droplets within their cytoplasm providing
the required energy fuel for thermogenic processes, WAT adipo-
cytes are composed of one single lipid droplet that accounts for
more than 90% of their volume and are implicated mainly in the
lipid storage and endocrine control [2—4]. Until recently, the
widely held view was that BAT was only encountered in new-
born infants [5-7] and that BAT was disappearing quickly over
the first few years of postnatal life. However, some studies sug-
gested that BAT could also be encountered in adults [8]. Indeed,
10 years ago, when research considerably focused on BAT ther-
apeutic potential in several diseases, such as metabolic related
ones, numerous studies—notably using fluoro-deoxyglucose
positron emission tomography (FDG-PET; an approach usually
employed to track cancer metastasis)—identified regions of high
glucose uptake areas very similar to the presumed brown fat,
confirming that active BAT could also be detected in adults
subjects [9-12]. These first statements opened a wide avenue
on the study of BAT therapeutic implication in humans.

Inside the brown adipocyte: thermogenesis

Brown fat is a high metabolically active tissue responsible for
heat production, a process known as thermogenesis that uses

@ Springer

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53

54
55

Q2


mailto:ismael.gonzalez@helmholtz-muenchen.de
mailto:criscont@ucm.es

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

98

99

100
101
102
103
104
105

JrnlID 13105_ArtID 719_Proof# 1 - 11/12/2019

Gonzalez-Garcia et al.

lipids as energy fuel [13, 14]. Thermogenesis is mainly medi-
ated by the inner mitochondrion membrane uncoupling pro-
tein 1 (UCP1) that dissipates the proton gradient by allowing
them to be transported back to the mitochondrion, short-
circuiting ATP synthase processes, generating heat, and over-
all activating thermogenesis [15].

Adrenergic stimulation is known to activate the thermogenic
program in BAT through the binding of norepinephrine (NE) to
33-adrenoreceptors (B3-AR). B3-AR are located on the brown
adipocyte membrane and are coupled to excitatory G-protein,
structurally formed by a, {3, and y subunits. Following the
binding of norepinephrine to B3-AR, the G-protein a-subunit
is translocated to adenylate cyclase (AC) inducing AMPc syn-
thesis activating protein kinase A (PKA) [16, 17]. PKA pro-
motes thermogenesis in two independent manners. (i) Firstly,
an acute effect, increasing the lipolytic activity through the
activation of adipose triglyceride lipase (ATGL), hormone-
sensitive lipase (HSL), and monoacylglycerol lipase (MGL)
hydrolyzing triglycerides increasing free fatty acids (FFAs)
levels, that will be later imported into the mitochondria by the
carnitine palmitoyltransferase 1a (CPT1a) [17-21], where they
will be used fuel to provide energy to thermogenic process.
However, recent evidence suggests that lipolysis is not essential
for the thermogenic process that can be produced by using
circulating nutrients supply [22, 23]. UCP1 facilitates the trans-
port of protons—expelled to the intermembrane space along the
respiratory chain—back to the mitochondrial matrix leading to
heat production avoiding ATP synthesis through the ATP-
synthase [24-27]. Thus, UCP1 uses FFAs originating from
BAT surrounding lipid droplets to generate heat through cata-
bolic mechanisms [28]. Besides FFAs, glucose can also be used
as energy supply for thermogenesis. Uptaken by the BAT glu-
cose transporters 1 and 4 (GLUT 1/4), glucose will undergo
glycolysis, generating metabolites involved in the formation
of FFAs; these FFAs being used by mitochondria for the ther-
mogenic process [28] (Fig. 1). (ii) Secondly, PKA can trigger a
chronic activation of thermogenesis following longer sympa-
thetic stimulations through the activation of p38-mitogen-
activated protein kinase (MAPK), which is implicated in mito-
genic effects, gene transcription, and protein synthesis, stimu-
lating UCP1 synthesis and brown adipocytes proliferation and
differentiation [29] .

Browning of WAT and whitening of BAT

More recently, a new type of adipocytes was described in
WAT sections following sympathetic stimuli, as cold acclima-
tion or stimulation with adrenergic agonists. Due to its brown-
like profile exhibiting thermogenic properties, it was named
beige or brite (“brown in white”) adipose tissue. Interestingly,
the process consisting in the enhancement of thermogenesis
process within white adipocytes, namely browning of WAT

@ Springer

(i.e., increased expression and activity of UCP1 in what are
normally considered WAT depots) was described in both ro-
dents and humans [13, 30-36]. Brown and white adipocytes
originate from different lineages; while brown adipocytes are
derived from a Myf5-precursor shared with myocytes, white
adipose cells originate from Myf5-negative precursors [37,
38]. Numerous evidences have shown that Pr domain contain-
ing 16 (PRDM16) is an important transcriptional factor in-
volved in the browning of WAT [39, 40]. Moreover, it has
been demonstrated that B-adrenergic stimulations could pro-
mote de novo productions of beige adipocytes [41] as well as
“trans-differentiation” of preexisting mature white adipocytes
in beige ones [38]. However, this last point remains unclear as
some studies have suggested that some adipocytes could ex-
hibit a morphologically white phenotype while originating
from a beige lineage, thus bearing the potential to initiate the
thermogenic program in response to thermogenic stimulus
instead of the proposed ability of “trans-differentiation.”
Therefore, it is suggested that cold exposure could unmask
the thermogenic properties of preexisting beige adipocytes
[42, 43].

Although the role of beige fat on the modulation of energy
balance has been questioned [44, 45], its presence and activity
in humans has been widely demonstrated [31, 35, 46, 47],
opening a new avenue in the development of anti-obesity
drugs focusing on BAT thermogenesis and WAT browning
to increase energy expenditure [48, 49].

Current evidences have also suggested that the opposite
process to browning could also occur. Known as the “whiten-
ing of BAT”, brown adipocytes, in response to elevated tem-
peratures, can be differentiated in white adipocytes. However,
a recent study using brown, beige, and white cell cultures
exposed or not to cold, and subsequently re-warmed, has dem-
onstrated that only beige adipocytes, but not brown, could
reverse their phenotype toward a white one, suggesting a cel-
lular plasticity in response to preexisting environmental sig-
nals and status [S0]. Whitening process has been associated to
BAT dysfunction in obesity and insulin resistance states in
animal models [51, 52]. Indeed, the BAT of obese mice dis-
plays large lipid droplets with augmented amount of fatty
acids associated to reduced B-adrenergic signaling, as well as
mitochondrial dysfunction, mirroring white fat [51].
Whitening of brown fat is also associated with peripheral loss
of vascularity and development of hypoxia correlating with a
significant reduction of vascular endothelial growth factor
(VEGF) leading to endothelial dysfunction in BAT [53].

Therefore, WAT and BAT, in spite of their opposite func-
tions, share the ability for reciprocal reversible trans-
differentiation in response to physiologic needs. Thus, chronic
positive energy balance and obesity are related with whitening
induction, while chronic needs for thermogenesis, associated
to lean and overstimulation of sympathetic activity, has been
suggested to induce browning [54-56].
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Glucose

Fig. 1 The molecular events during the thermogenesis inside the brown
and beige adipocyte. Sympathetic stimulus release norepinephrine (NE)
that binds to (33 adrenoreceptor (33-AR) in the brown/beige adipocyte. It
is coupled to excitatory G protein (Gs), formed by subunits @, (3, and y. a
subunit moves to activate adenilate cyclase (AC) which converts
adenosintriphosphate (ATP) in cyclic adenosinmonophophate (cAMP)
that activates protein kinase A (PKA). PKA has a dual effect: (1)
Induces the triglycerides hydrolysis by the activation of lipases (adipose
triglyceride lipase, ATGL; hormone-sensitive lipase, HSL;
monoacylglycerol lipase, MGL) leading free fatty acids release (FFA).
Of note, thermogenesis can be produced without lipolysis by circulating

Thermogenesis inducers

Numerous crucial transcriptional factors playing a key role in
the thermogenic capacity of the adipocyte have been de-
scribed. Peroxisome proliferator-activated receptor y (PPAR
y) is a nuclear factor essential for the activation of UCPI gene
transcription and other thermogenic markers of brown pheno-
type, as well for the differentiation of brown/beige adipocytes
[57, 58]. Conversely, PPAR« is only expressed in BAT, not in
WAT, and is considered to be a specific BAT-phenotype mark-
er due to its involvement in the induction of lipid catabolism
and mitochondrial uncoupling [59, 60]. PRDM16 and the per-
oxisome proliferator-activated receptor y coactivator la
(PGCla) are shared by both brown and beige adipocytes,
and are implicated in mitochondrial biogenesis and strongly
associated to brown-like phenotype, and not to the white one.
All of these transcriptional factors are considered as the main
thermogenic markers along with UCP1 [61-63].

/ «Gene?transcfp on
~Protein synthesis
\ e ar~aldN\

\D i,fferentiaéion /

Nucleus

nutrients supply. FFA activates the thermogenic uncoupling protein 1
(UCP1). UCPI, located in the inner mitochondrial membrane, re-
introduces the protons (H+) broken out the mitochondria by the
respiratory chain. This process generates heat instead of ATP and is
namely thermogenesis. (2) PKA activates p38-mitogen activated kinase
(p38-MAPK) inducing transcriptional effects in the nucleus for UCP1
synthesis. Glucose transporter 1 or 4 (GLUT 1/4) takes up glucose
which can be hydrolyzed in the glycolysis whose metabolic products as
citrate and glycerol-3-phosphate may be introduced in the lipogenic
pathways to generate triacylglycerols used to thermogenic process.

Apart from transcription factors, cold exposure is con-
sidered as one of the main factor in the increase of thermo-
genesis, in the recruitment of BAT and in the induction of
browning, and overall in the increase of energy expendi-
ture associated to lipid catabolism to finally induce a re-
duction of body weight [64—-66]. Newborns are exposed to
a reduced ambient temperature just after birth, requiring
non-shivering thermogenesis processes to adapt to the
new conditions. This adaptation process is mediated by
metabolic hormones such as thyroid hormones (THs), cor-
tisol, leptin, or insulin, all involved in the induction of
thermogenic mechanisms. Thus, cold exposure plays a
key role as a main inducer of BAT. In response to low
temperature, NE is released by sympathetic fibers, binds
to B3-AR inducing lipolysis and thermogenesis. More re-
cent data show that cold exposure during winter also in-
duces browning of WAT, inducing the expression of UCP1
and PGC1 mRNA in subcutaneous white fat [67].
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Moreover, THs play a key role in the energy balance
regulation being a powerful activator of cell metabolism in
several tissues such as skeletal muscle, brain, heart, liver,
pancreas, and adipose tissues (WAT and BAT) [68]. High
THs levels (i.e., hyperthyroidism) are known to increase
feeding, to activate ATP and oxygen consumption, and to
increase both body temperature and basal metabolic rate.
Furthermore, THs promote catabolic processes such as glu-
cose uptake, glycogenosis, gluconeogenesis, and lipolysis.
Thus, being implicated in all these metabolic rate increases,
THs have also a demonstrated role on decreasing body
weight [69—72]. BAT and WAT widely express deodinase
type 2 and nuclear TH receptors (TR), contributing to the
activation of thermogenesis among the adrenergic stimulus
[68, 72, 73]. The different isoforms of TR, TRa and B3, have
been described to be involved in the thermogenesis regula-
tion at different levels. Acting synergistically, TRa ensures a
correct adrenergic response, while TR stimulates UCP/ ex-
pression [74, 75]. However, the most recent evidence asso-
ciating THs to BAT and WAT thermogenesis via a central
hypothalamic action will be later developed in this review
[71, 76, 77].

Furthermore, recent studies have also described other new
factors able to induce thermogenesis independently of adren-
ergic stimulation [78]. Many of them are hormones or circu-
lating factors involved in the differentiation of brown and
beige adipocytes [79—-81]. Bone morphogenetic proteins
(BMP), a family of growth factors, are involved in the brown
fat differentiation, as well as in the browning induction of
WAT. Indeed, BMP7 induces brown adipocyte differentiation
[79], while a lack of BMP receptor type 1A induces BAT
shortage associated to increased browning to compensate re-
duced thermogenesis [81]. Conversely, BMP4 seems to be a
pivotal factor in WAT browning since it is correlated with lean
phenotype and thermogenesis in white fat [80], similar to the
growth differentiation factor 5, that activates BMP receptors,
protecting against obesity [82]. On the other hand, BMP8b
acts as a brown fat regulator promoting BAT sensitization to
sympathetic activity [83].

The inflammatory mediators prostaglandins (PG) activate
thermogenesis through sympathetic-dependent and indepen-
dent pathways [84, 85]. Thereby, genetic and pharmacological
approaches have demonstrated that prostaglandin E; (PGE,)
is essential to maintain a normal UCP1 expression and to
promote thermogenesis in brown adipocytes and browning
of white ones, which is mediated by ciclooxigenase-2
(COX-2), a key enzyme involved in PG formation [84—86].

Furthermore, vitamin A derivatives, named retinoids, were
also described to be involved in UCP! gene expression mod-
ulation mainly via nuclear receptors. Retinoids are usually
described to be implicated in several metabolic functions
and energy homeostasis. However recent evidences have
demonstrated that the chronic administration of retinoic acid

@ Springer

(RA) induced thermogenesis in BAT and browning of WAT in
mice [87—-89], independently of any sympathetic stimulations.
Interestingly, RA treatment improved insulin sensitivity by
enhancing fat mobilization and energy utilization inducing
body weight loss associated with an increase in brown specific
genes including UCPI [90, 91]. An essential factor in the
retinoid-dependent activation of thermogenesis is the intracel-
lular conversion of retinol into active forms, retinal and RA
[87]. The activation of RA receptor (RAR) and PPARS has
been suggested to be involved in the RA-induced thermogen-
esis leading to increased BAT activation, browning, and FA
oxidation [87-89, 92].

In addition, transient receptor potential (TRP), an ion chan-
nel family implicated in temperature sensing, was also de-
scribed to induce thermogenesis. Each TRP is activated at
different temperature ranges. As an example, TRP-vanilloid-
8 (TRPVY) is activated when the temperature is lower than
27 °C, and TRP-ankyrin-A1 (TRPA1) when lower than 17 °C.
Interestingly, a lack of these low-temperature-induced TRPs
was described to impair the cold adaptation [93-95].
Conversely, TRP-vanilloid-1 (TRPV1) is activated when the
temperature is higher than 43 °C [96]. Furthermore, some
TRPs are located in adipose tissues, such as TRP-melastin-8
(TRPMS) which is expressed in BAT and induces UCP1 ex-
pression. Moreover, TRPMS pharmacological activation has
been demonstrated to increase BAT activity in rodents [97,
98]. TRPMS has been described to be expressed in human
adipose tissue and acting as an UCP1 inducer [98].
Conversely, other ion channels have been described to be
involved in the repression of thermogenesis, such as TRPV4
channel whose inhibition promotes WAT browning and BAT
thermogenesis [99, 100].

Natriuretic (NP), atrial (ANP), and ventricular peptides
(VNP) are also involved in the control of thermogenesis and
browning [101]. All of them are vasodilator peptides secreted
by the myocardium in response to high blood pressure.
Interestingly, brown adipocytes express NP receptors
(NPRs), which, when activated, induce an increase of the ex-
pression of thermogenic markers promoting BAT activation
through MAPK pathway [101]. Furthermore, chronic treat-
ment with NP activates browning of WAT [101].

Fibroblast growth factor 21 (FGF21) is an important
hepatic-released regulator of glucose and ketone homeostasis
[102—-104]. FGF21 improves dyslipidemia and protects
against obesity by enhancing energy expenditure, mainly
through the activation of thermogenesis and browning [105,
106]. Some evidences have also suggested that brown adipo-
cytes can release FGF21 in response to sympathetic stimula-
tion, acting as an autocrine factor enhancing the thermogenic
process [29, 107]. Notably, FGF21 can induce UCPI gene
expression and uncoupling in brown adipocytes through the
activation of p38-MAPK [29]. Novel findings demonstrate
that FGF21 favors BAT thermogenesis and also browning of
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WAT through G-protein receptor 120 (GPR120) that binds
unsaturated long-chain fatty acids and contribute to the anti-
inflammatory response protecting against obesity and type II
diabetes [108]. Interestingly, data in rodents and humans have
demonstrated that obese subjects exhibit high circulating
levels of FGF21, suggesting a FGF21 resistance during obe-
sity [109, 110]. Therefore, FGF21 has emerged as a potent
inducer of thermogenesis; however, the complete underlying
molecular mechanism through which FGF21 exerts its effects
remains unclear.

Human thermogenesis

As mentioned above, the first studies demonstrating the exis-
tence of BAT in human patients were performed using FDG-
PET technique 10 years ago, a method usually used for the
detection of carcinogen cells due their high glucose uptake.
They have revealed that brown fat in adult humans was locat-
ed in the neck and in supraclavicular, mediastinum, peri-aor-
tic, paravertebral, and suprarenal areas, and that BAT regions
were inactivated in response to 33-AR antagonist [11]. They
have also shown that BAT activity was higher in women than
in man, in lean than in obese, and in young than in elderly
people; and importantly, these fat depots widely expressed
UCP1, an unequivocal marker of brown adipocytes [10, 12].
However, further studies have demonstrated that the thermo-
genic markers present in the neck and supraclavicular fat
matched better with beige selective genes than brown ones,
suggesting that thermogenic adipose tissue in humans rather
corresponds to beige adipocytes than to classical brown ones
[31, 35, 111]. Subsequent studies pointed that both brown and
beige adipocytes were coexisting in humans [31, 33, 112,
113]. Browning process of human WAT has been reported in
patients undergoing severe burns, as a model of prolonged
adrenergic stress, whom also exhibited increased metabolic
rate [47]. The same observations were made in patients with
pheochromocytoma, a neuroendocrine tumor secreting large
amounts of catecholamines, in which several thermogenic
markers and hypermetabolism in omental and mesenteric ad-
ipose tissue were observed [114—116]. Cancer-associated ca-
chexia is characterized by high lipolysis and fat catabolism,
which have been related to deep browning process in both
human patients and rodent models [117, 118]. Interestingly,
human subcutaneous fat expresses thermogenic markers as
UCPI or PGCla seasonally in winter, and also under acute
cold exposure [67]. All these studies indicate an activation of
browning under different states with increased sympathetic
rate in humans.

Curiously, human beige adipose tissue transplantation in
rodents improves glucose tolerance and insulin sensitivity
[119] suggesting a key role of browning in metabolic homeo-
stasis. However, the exact molecular mechanisms regulating

thermogenesis in humans remain unknown. Therefore, pro-
moting thermogenesis in humans appears as a promising ther-
apeutic strategy to counter obesity, diabetes, and hyperlipid-
emias, by enhancing energy expenditure as well as decreasing
glucose and lipid circulating levels.

Central regulation of thermogenesis

In addition to its peripheral control, energy homeostasis is also
regulated at a central level, mainly in the hypothalamus, a
region located bellow the thalamus and composed of several
hypothalamic nuclei widely interconnected between each oth-
er. The hypothalamus is involved in the physiological control
of many evolutionarily conserved functions. Among them, the
hypothalamus regulates the hormonal axes, the autonomic
nervous system activity, and the metabolic homeostasis.
Regarding this last function, the different hypothalamic nuclei
play an important role in the sensing of peripheral signals
informing on the energy status, such as hormones and nutri-
ents, integrating them and generating an appropriated re-
sponse in terms of food intake and energy expenditure [2,
120-122]. Due its implication in numerous metabolic process-
es, the hypothalamus is considered as the master regulator of
energy balance.

On the one hand, the hypothalamus controls food intake
through the regulation of neuropeptide expression:
orexigenic neuropeptides, such as agouti-related peptide
(AgRP), neuropeptide Y (NPY), and orexins (OX) that in-
crease food intake, while anorexigenic neuropeptides, such
as proopiomelanocortin (POMC) and amphetamine-
regulated transcript (CART) promote satiety [123—127].
Furthermore, the hypothalamus is involved in the regulation
of energy metabolism in peripheral tissues such as liver,
skeletal muscle, pancreas, and both adipose tissues, brown
and white, through the autonomic nervous system, sympa-
thetic and parasympathetic. Accordingly, many studies have
demonstrated that BAT and WAT thermogenesis are modu-
lated by the hypothalamus that strictly regulates thermogen-
esis as a main component of the energy expenditure [2,
128-130].

As mentioned above, the hypothalamus is composed of
several neural groups namely hypothalamic nuclei, widely
interconnected through axonal projections. It is known for
a long time that some of these hypothalamic nuclei are in-
volved in the regulation of energy balance, such as the arcu-
ate nucleus of the hypothalamus (ARC), the dorsomedial
nucleus of the hypothalamus (DMH), the ventromedial nu-
cleus of the hypothalamus (VMH), the lateral hypothalamic
area (LHA), and the paraventricular nucleus of the hypothal-
amus (PVH) (Fig. 2) [2, 130, 131]. Recently, many molecu-
lar mechanisms regulating the thermogenesis in these nuclei
have been described.
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Fig. 2 Central nervous system neuroendocrine connectivity involved in
BAT thermogenesis and WAT browning regulation. Together with
physical stimulus (i.e., cold and heat) peripheral signals reach the
central nervous system where interact with their particular receptors.
Hypothalamic nuclei will integrate those signals in order to regulate
brown adipose tissue (BAT) thermogenesis. Heat-sensitive neurons in
the preoptic area (POA) detect cold and prostaglandin E; (PGE,) to
promote BAT thermogenesis through projections to the dorsomedial
hypothalamus (DMH), the rostral raphe pallidus nucleus (rRPa), and
the ventromedial nucleus of the hypothalamus (VMH). Moreover,
additional signals from periphery are integrated in the hypothalamus
regulating the sympathetic tone to BAT. In particular, thyroid hormones
(THs), estradiol (E2), glucagon-like peptide-1 (GLP-1), and bone
morphogenetic protein-8b (BMP8b) modulates AMP-activated protein
kinase (AMPK) activity in the VMH. Together with this, endoplasmic
reticulum (ER) stress levels and carnitine palmitoyltransferase 1C
(CPTIC) in the VMH as well as orexin (OX) signalling in the lateral

The preoptic area

The preoptic area (POA), anatomically located on the ante-
rior hypothalamic nucleus, is one of the primary brain areas
associated with the body temperature homeostasis
[132—135]. In the POA, peripheral as well as central signals
are integrated to initiate a physiological response to maintain
the body temperature within a physiological range. The POA
displays a double capacity to sense temperature changes.
Firstly, cold and heat-sensitive neurons in situ are able to
respond to a direct thermal stimulus. For example, direct
cooling of POA neurons triggers sympathetic nervous sys-
tem activation of BAT together with an increase of shivering
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hypothalamus (LHA) are part of the signalling mediated by AMPK.
Neuropeptide Y (NPY) expression in DMH neurons, pS3 and mitofusin
2 (Mfn2) expression in the arcuate nucleus of hypothalamus (ARC) are
also contributing to the regulation of BAT activity. Brown fat and beige/
brite cells in the white adipose tissue (WAT) are under the control of
sympathetic nervous system activity. Blue arrow lines indicate signal
local action, grey lines indicate active/stimulatory neuronal pathways,
and red lines indicate inactive/inhibitory pathways, respectively. Third
ventricle: 3V, serotonin or 5-hydroxytryptamine: 5-HT, x-melanocyte-
stimulating hormone: «-MSH, {33-adrenergic receptor: 33-AR, brain-
derived neurotrophic factor: BDNF, cocaine and amphetamine related
transcript: CART, corticotropin-releasing hormone: CRH, gamma-
aminobutyric acid: GABA, glutamate: Glu, inferior olive: 10, lateral
hypothalamus: LHA, lateral preoptic area: vLPO, medial POA: MPO,
median POA: MnPO, melanin-concentrating hormone: MCH,
norepinephrine: NE, orexin A: OXA, orexin B: OXB, single-minded
homolog 1: Sim1

BAT

thermogenesis [134, 136, 137], whereas the heat-sensitive
neurons are able to increase their activity when locally heat-
ed [138]. In parallel, the direct electric stimulation of POA
increases BAT activity [139, 140]. Secondly, POA neurons
receive information from the thermosensitive peripheral af-
ferent nerves. At a cutaneous level, the TRP family previ-
ously introduced can detect both cold (TRPA1 and TRPMS)
and heat stimuli (TRPV3 and TRPV4) [141]. These recep-
tors located in the primary somatosensory neurons of the
skin detect the temperature variations before spreading the
nervous signal to the POA through the spinal cord [142,
143]. In addition to these cutaneous nerve endings, other
thermoreceptor afferent nerves located in the abdomen
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viscera and in the spinal cord (where somatosensory nerves
detect the temperature of internal regions) participate in the
thermoregulation process [144]. After being sensed and inte-
grated, the two kinds of afferences—superficial and
internal—are transferred through splanchnic and vagus
nerves to the CNS. As internal temperatures are less incline
to fluctuate than skin-surrounding ones, abdomen viscera
and spinal cord afferent signals are primary used in the en-
hancement of cutaneous thermal information [143]. As men-
tioned above, POA-located neuronal populations are also
susceptible to be modulated by peripheral signals through
the decrease of their tonic discharge and the increase of their
local thermosensitivity after skin cooling [138]. More specif-
ically, neuronal populations located in the median part of
POA (MnPO) were described to integrate cold stimuli orig-
inating from the periphery. Thus, due to the neuronal func-
tional specificity and connectivity, the administration of a
glutamatergic agonist, N-mehyl-pD-aspartate (NMDA) within
the MnPO induces a cold-defensive response [142] while its
injection in the medial POA (MPO) or lateral POA (LPO)
does not induce any effect. However, MPO neurons seem to
act as downstream effectors of MnPO neurons through direct
GABAergic projections from MnPO to MPO [142].
Moreover, neurons in the ventral part of the lateral preoptic
area (VLPO) are also required for the warm ambient-evoked
inhibition of BAT thermogenesis, mediated in this case by
GABAergic inputs from vLPO to the raphe pallidus nucleus
(rRPa) [145].

Additionally, POA has a key role on fever regulation.
Fever, or pyrexia, is an increase of body temperature set point
as response to a potential damage. Usually, under a bacterial or
viral infection, the increase in temperature generated by fever
provides an optimal environment to the action of immune
system as well as a decrease of pathogen survival [146]. In
this mechanism, peripheral pyrogens released in the plasma,
such as PG, reach central regions, in particular the POA, and
trigger the febrile response. The direct administration of PG in
the POA stimulates BAT thermogenesis [147]. It has been
observed that PGE,-induced fever is reduced by the phospho-
diesterase inhibitor aminophylline and that a decrease in
cAMP and ¢cGMP levels in the POA induced fever [148].
Interestingly, within the POA, neurons expressing a subtype
of prostaglandin E receptor (EP3) project directly to the DMH
and to the rRPa. Those different neuronal populations inde-
pendently control the febrile responses to the BAT and to the
cutaneous vessels (i.e., PGE, pyrogenic signalling projections
from POA neurons to the DMH activate BAT thermogenesis
while POA to rRPa projections increase cutaneous vasocon-
striction [149]).

In terms of connectivity, neuronal populations of POA pro-
ject to other regions such as DMH, rRPa, and VMH
[150-152]. Among those, the VMH projections mediate
BAT activation after peripheral cooling [150, 151].

The dorsomedial nucleus of the hypothalamus

The DMH is located on both sides of the third ventricle and
dorsally from the VMH. Seminal anatomic lesion studies of
the DMH have demonstrated its implication in feeding mod-
ulation. Interestingly, food intake was inhibited when the area
containing the DMH was electrically injured [153, 154]; evi-
dence later confirmed by others [155] [156, 157]. The DMH is
also involved in the regulation of BAT thermogenesis. Indeed,
chemical stimulations of DMH neuronal populations have
been described to modulate BAT thermogenic capacity
through the SNS [158]. These stimulations relied on the ad-
ministration of GABA4 receptor antagonists in the DMH,
implying that the DMH receives inhibitory GABAergic pro-
jections decreasing BAT activation [158]. Interestingly, those
inhibitory afferences originate from GABAergic neurons lo-
cated in the POA (mentioned above) providing an inhibitory
feedback to the sympatho-excitatory neurons of the DMH
[159, 160].

Anatomically, the DMH and the BAT seem to be connected
by projections through the rRPa and it has been shown that the
inhibition of DMH neurons or the blockade of DMH gluta-
mate receptors could revert the cold and febrile activation of
the SNS and of the BAT thermogenesis [158, 161]. In addi-
tion, the inferior olive (IO) has also been suggested to partic-
ipate in DMH-BAT connections by hosting neuronal interme-
diate projections. Recently, it has been described that both
leptin and corticotropin-releasing hormone (CRH) could act
on DMH neurons, triggering the stimulation of the rRPa and
the BAT sympathetic innervation of BAT [162, 163].

A recent study has shown that the expression of NPY in
DMH neurons could play an important role in the regulation
of BAT thermogenesis. Indeed, a DMH NPY-specific knock-
down induced an increase of UCP1 expression in both ingui-
nal white fat and BAT associated to an increase of energy
expenditure and to an enhancement of thermogenic response
to a cold environment

[164].

The paraventricular nucleus of the hypothalamus

The PVH is the most dorsal hypothalamic nucleus and is lo-
cated on both sides of the top of the third ventricle. PVH is an
integrative nucleus that receives projections from ARC neu-
ronal populations, as well as from extrahypothalamic regions
such as the nucleus of the solitary tract (NTS) [165, 166].
Lesions in the PVH induce hyperphagia and eventually obe-
sity in animal models [167, 168]. Moreover, it has been de-
scribed that the PVH was implicated in the modulation of
BAT thermogenesis in the febrile response. Indeed, PVH neu-
rons projecting to preganglionic sympathetic cells are activat-
ed during fever and lesions in the PVH blunt this process [169,
170]. Pseudorabies retro-infection data also support the
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functional implication of PVH in BAT thermogenesis
[171-173]. However, the PVH action on BAT activity seems
more related to a modulatory role, whereas a direct control
remains unclear. In this sense, it has been reported that direct
stimulations of PVH do not induce effects on BAT activity
[174, 175], whereas the inhibitory projections from the PVH
to the rRPa could be implicated in the decrease of the sympa-
thetic activity of the BAT [175, 176].

However, a direct functional connection associating PVH
and BAT thermogenesis has been described through several
lines of evidence. In this regard, direct administration of glu-
tamate, BDNF, urocortin, CART, PGE2, leptin, and thyroid
hormones within the PVH have been shown to activate brown
fat thermogenesis [177-183]. The single-minded homolog 1
(Sim1) neuronal population, mostly restricted to the PVH, has
also been described to be an important contributor of brown
fat regulation. For instance, mice with neuronal ablation of
Sim1 display reduced BAT temperature and decreased
UCPI expression suggesting an impairment of thermogenesis
[184]. Together with this, the specific leptin receptor (LepRb)
deletion in Sim1 neurons induced cold-induced adaptive (non-
shivering) thermogenesis disruption with defective cold-
induced up-regulation of BAT UCP1 [185]. In contrary, when
cannabinoid type 1 (CB1) is specifically knocked out in Sim1
neuronal population, animals develop an increased thermo-
genesis, based on increased expression of (33-adrenergic re-
ceptor and BAT thermogenic markers [186].

The ventromedial nucleus of the hypothalamus

Located just above the arcuate nucleus (ARC), the VMH nu-
cleus was initially described as a centre of satiety as early
injury studies induced hyperphagia and obesity in animal
models [187, 188]. Nowadays, it is known that VMH has a
huge relevance on the energy balance modulation that goes far
beyond its only implication on food intake, especially regard-
ing its influence on energy expenditure [4]. The VMH was the
first described hypothalamic nucleus to be involved in the
regulation of thermogenesis. Its electrical stimulation induced
an increase in BAT temperature [189], an effect that disap-
peared through sympathetic ganglia blockade or sympathetic
denervation [190]. Subsequently, VMH-specific injections of
glutamate, hydroxybutyrate, norepinephrine, serotonin, and
tryptophan activate BAT thermogenesis [178, 191-193].
Genetic evidences, more recently published, also link the
VMH to the BAT thermogenesis. In this sense, the specific
deletion of steroidogenic factor 1 (SF1) in VMH neuronal
populations triggers a decrease in the energy expenditure
and in the expression of UCP1 in the BAT [194, 195].
Recently, it has also been shown that the VMH was involved
in the thermogenic response of multiple hormonal signals
(thyroid hormones, estrogens, BMP8b) [83, 196—-199] as well
as to pharmacological agents (nicotine, liraglutide) [200-202].
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Interestingly, it seems that these mechanisms could be depen-
dent of an inhibition of AMP-activated protein kinase
(AMPK) in VMH neurons triggering a sympathetic activation
of BAT thermogenesis. Specifically, it seems that AMPK 1 in
SF1 neurons could be the molecular entity mediating the SNS-
driven BAT thermogenesis [203]. These actions on BAT ac-
tivity can modulate body temperature and energy expenditure,
significantly affecting energy balance and metabolism [204].
The neuron-specific isoform of carnitine palmitoyltransferase
1C (CPT1C) enzyme has also been described to be involved in
the AMPK-brown fat axis to regulate thermogenic program in
the VMH [205]. The CPT1C knockout mice displayed im-
paired leptin-induced thermogenesis promoting an early
obesogenic phenotype. The genetic activation of AMPK with-
in the VMH of CPT1C knockout mice was unable to activate
BAT thermogenesis, indicating that CPT1C was likely an
AMPK downstream event. Even if the exact mechanism re-
mains unclear, CPT1C is able to bind malonyl-CoA, suggest-
ing that CPT1C could act as a sensor of this canonical lipid
signalling pathway informing on the hypothalamic energy
status.

Another mechanism described to be involved in BAT ther-
mogenesis modulation is the lipotoxic action of ceramides
within the VMH. Ceramides are a family of sphingolipids
involved in several cell functions such as cellular signalling
and protection and formation of cell membranes. However,
under some metabolic conditions, these lipids trend to accu-
mulate in the VMH, inducing lipotoxicity (toxicity induced by
abnormal lipid content) and endoplasmic reticulum (ER)
stress, leading to a decrease in the BAT sympathetic tone
[206]. The ER stress modulation through the overexpression
of the glucose-related protein 78 (GRP78) chaperone in the
VMH can restore BAT thermogenesis in animal models in-
ducing feeding-independent weight loss [207-209].
Interestingly, this mechanism is shared by THs and estradiol
(E2) to exert their thermogenic actions on BAT [71, 210].

Although the neuronal pathways transmitting information
from the VMH to the BAT remain unclear, it has been pro-
posed that glutamatergic projections toward the orexigenic
neurons of the LHA could be responsible for mediating the
sympathetic activation of brown fat [211]. However, the
VMH-BAT connection remains controversial due to the ab-
sence of trans-synaptic retro-infection with pseudovirus after
BAT inoculations [172, 212]. Nevertheless, indirect evidence
have shown how VMH neurons project their axons to differ-
ent control centers of the autonomic nervous system and to
brainstem areas such as RPa and IO, the latter being clearly
associated with BAT thermogenic activity [213-215].

The lateral hypothalamic area

The LHA is located laterally to the VMH in the opposite area
of the third ventricle. In contrast to the “satiety center”
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referring to the VMH, Anand and Brobeck proposed in 1951
the term “feeding center” to firstly describe the LHA [216]. In
this study, anatomic lesions in the LHA of rats and cats trig-
gered aphagia and weight loss. Subsequently, it has been
shown that LHA was involved in the regulation of
hypothalamic-pituitary axes, thirst, glucose homeostasis,
sleep-wake cycles, and in the hedonic aspects of food intake
[120, 217-221]. In relation to BAT thermogenesis, identifica-
tion studies using neurotropic virus pseudorabies inoculated in
the BAT have found different neuronal populations labeled on
the LHA. Immunocytochemical characterization of those pop-
ulations have identified them in melanin-concentrating hor-
mone (MCH) and orexin (hypocretins) neurons [172], mean-
ing that MCH and orexin neurons from the LHA projected to
the BAT. Particularly, it has been described that LHA orexin
neurons are involved in fever-induced thermogenesis and in
the stress response [222, 223]. Moreover, as previously men-
tioned, numerous evidences are indicating that VMH axons
project to the orexin neurons of the LHA where the overex-
pression of OXs activates BAT thermogenesis [211]. This
VMH-OX neuronal connection is essential for BMP8b induc-
tion of BAT activity [211]. In agreement, OX-null mice and
knocked-down glutamate vesicular transporter 2 (VGLUT2)
do not respond to the thermogenic effect of BMP8b. Overall,
the AMPK(VMH)-glutamatergic-OX(LHA)-SNS-BAT path-
way appears as a key axis of BAT thermogenesis modulation.

The arcuate nucleus of the hypothalamus

Located on both sides of the third ventricle and immediately
dorsal to the median eminence, the ARC is defined by two
distinct neuronal populations: those expressing AgRP and
NPY and, those expressing POMC and CART [224]. The
fundamental role of ARC in the regulation of feeding is deeply
established since the late 60s when anatomic-specific ARC
lesions were described to induce hyperphagia and obesity
phenotype in animal models [225]. However, beyond its role
in the control of feeding, the ARC also participates in the
regulation of BAT thermogenesis. In this sense, it seems that
orexigenic populations inhibit thermogenesis based on the
evidence that the partial loss of AgRP neurons induces a sym-
pathetic activation of BAT [226]. The action is apparently
mediated by the melanocortin system in the PVH as the
MC4R deficiency prevents the thermogenic action of leptin
[227]. The thermogenic action of leptin is in turn mediated by
its receptors in the ARC where its genetic deletion blunts the
mechanism [228]. Together with this, GABAergic RIP-Cre
neurons in the ARC contribute to the thermogenic actions of
leptin [229]. In this context, ER stress plays an important role
in leptin resistance in POMC neurons. ER stress improvement
through the overexpression of Mitofusin 2 is associated with
an increase in BAT temperature [230]. Moreover, ER stress in
AgRP neurons was also recently associated with BAT

thermogenesis. In this case, the AgRP-specific deletion of
p53 promotes obesity on mice, whereas the overexpression
of p53 in the ARC or specifically in AgRP neurons of obese
mice attenuated DIO-induced hypothalamic ER stress stimu-
lating BAT thermogenesis and reducing body weight [229,
231].

Central regulation of browning

As described for BAT, WAT receives sympathetic innervation
which controls lipolysis and browning. Neuroanatomical
knowledge about axonal projections to WAT was firstly
established more than 20 years ago [232]. The use of antero-
grade tracers has allowed to identify sympathetic inputs in the
fat pads, exhibiting difference in the postganglionary projec-
tions between the inguinal and epididymal fat depots [232].
The sympathetic neuro-adipose junction has been described
in vivo as a direct “enveloping” of the terminal nerves by the
adipocytes. The functional activation of those sympathetic
outputs using optogenetic techniques induced lipolysis in
WAT, suggesting the existence of a nervous component mod-
ulating WAT functions [233]. Some studies were able to de-
scribe an extended autonomic neural axis connecting the fat
tissue with central areas, mainly the hypothalamus and POA
[171]. Interestingly, labeled viral particles infected down-
stream of the sympathetic preganglionic neurons were later
observed in the medulla (rostroventrolateral medulla
(RVLM), rostroventromedial medulla (RVMM), rRPa
pallidus, and raphe magnus), as well as in the hypothalamus
(PVN, LHA, ARC), the suprachiasmatic nucleus (SCN), the
retrochiasmatic area (RCA), and the medial POA. Moreover,
it has also been described that neuronal populations located in
the regions of the medulla and midbrain including the NTS,
area postrema, locus coeruleus (LC), parabrachial nuclei
(PBN), and the periaqueductal gray were involved in WAT
regulation [234, 235]. Interestingly, it has been described that
males had a higher proportion of neurons in the abdominal fat,
whereas females exhibited high neuronal proportion in the
subcutaneous fat, suggesting that the neural regulation of the
different fat depots is sexually dependent and dimorphic
[234]. A recent study has also characterized the central neural
projections to the beige adipose tissue providing precious in-
formation on how the different brain regions were involved in
the browning mechanism. Oldfield and colleagues have de-
scribed how under cold exposure, the central neural circuits in
hypothalamic (PVH and LHA) and brainstem (rRPa and LC)
regions could reorganized themselves with higher proportions
of command neurons projecting to both brown fat and beige
WAT. These data provide strong evidences indicating a prob-
able reorganization of the nervous system connectivity follow-
ing WAT browning [236].
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Together with the neurochemical characterization, func-
tional evidences have connected specific brain areas to the
WAT browning. NPY-specific knockdown in the DMH pro-
motes the development of brown adipocytes in the inguinal
WAT through the local SNS [164]. Accordingly, NPY signal-
ling in DMH is also essential to mediate the MPO browning
regulation. Thus, MC4R signalling and hence, the
melanocortin system in the MPO were described to modulate
WAT metabolism and, possibly, the brown adipocyte devel-
opment in the inguinal fat depot [237]. Another neuronal pop-
ulation known to be involved in the WAT browning is the
PVH. The p22°"°* genetic ablation in the PVH is associated
to an increase of subcutanecous WAT browning in diet-induced
obese (DIO) mice [238]. Specifically, this study suggests that
NADPH oxidase-derived ROS are associated with the meta-
bolic alterations induced by HFD. As the membrane protein
p22°"°% is an essential factor for NADPH functioning, its de-
letion reduces NADPH oxidase-dependent oxidative stress in
the PVN elevating metabolic activity in subcutaneous WAT
during diet-induced obesity [238]. Furthermore, another piece
of evidence has shown how CART administration in the PVN
induces an increase in the WAT thermogenic marker, UCP2
[181].

As mentioned above, AMPK is the master regulator of
many hormonal signals in the VMH. Different studies have
shown how thyroid hormones [71], E2 [199], GLP1 [201],
uroguanylin [239], and BMP8b [211] could reach the VMH
to decrease AMPK phosphorylation to induce WAT brow-
ning. The genetic inactivation of AMPK specifically in the
VMH prevented the WAT browning effect of these signals.
Additionally, an increase of ER stress in the VMH, previously
described to induce BAT thermogenesis, could also be asso-
ciated with white fat browning. In this regard, high-fat diet
feeding promotes unfolding protein response in the hypothal-
amus, a highly conserved pathway which is triggered in re-
sponse to ER stress. When genetically overexpressed within
the VMH, the chaperone GRP78 ameliorates the ER stress
leading to the activation of sympathetic 33-AR signalling
and to increased WAT browning leading to a weight loss,
which is able to revert the obese and metabolic phenotype
[208, 209].

Another important area implicated in WAT browning is the
ARC. Both Ieptin and insulin can act directly on POMC neu-
rons to promote white fat browning. This effect is
counteracted by tyrosine phosphatases 1B (PTP1B) and
tyrosine-protein phosphatase non-receptor type 2 (TCPTP),
whose deletions enhance insulin and leptin signalling path-
ways in POMC neurons increasing WAT browning and ener-
gy expenditure [240]. In an analogous way to BAT thermo-
genesis, ER stress in ARC neurons has also been associated to
the browning mechanism. In this regard, the transcription fac-
tor X-box-binding protein 1 (Xbpl), a key component of the
UPR, has been used to restore ER stress levels in POMC ARC
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neurons, inducing an increase of WAT browning [241].
Moreover, AgRP neurons, the other neuronal population com-
posing ARC, were also associated to browning modulation.
Specifically, the fasting activation of AgRP neurons as well as
their chemogenetic activation suppresses the browning of
white fat. Interestingly, the O-linked [3-N-acetylglucosamine
(O-GlceNAc) acylation dynamic has been described to play a
key role in the modulation of this phenomenon [242]. This
protein modification is regulated by the O-GlcNAc transferase
(OGT) enzyme which levels are coupled to the feeding status.
Thus, under fasting conditions (or ghrelin stimulation), OGT
levels and O-GlcNAcylations are increased in AgRP neurons.
The ablation of Ogt in AgRP neurons inhibits neuronal activ-
ity, promotes WAT browning, and protects mice against diet-
induced obesity.

Thermogenesis and obesity

The World Health Organization (WHO) estimates that more
than 1.9 billion adults are in overweight, and of these, over
650 million are obese. The worldwide prevalence of obesity
has nearly tripled in the last 40 years, and among children, has
risen dramatically from 4 to 18%, becoming a true pandemic.
Obesity is a major risk factor for non-communicable diseases
such as cardiovascular diseases (first leading cause of death),
diabetes, musculoskeletal disorders, and some types of can-
cers. Therefore, obesity is responsible for more deaths world-
wide than underweight [243]. Recently, many studies have
demonstrated that a stimulation of thermogenesis could in-
crease the energy expenditure, favoring lipid and glucose
clearance from circulation, and overall having a positive im-
pact in the total energy balance leading to body weight loss
[244-246]. Most of these studies have attempted to elucidate
the exact molecular mechanisms underlying the peripheral
and central control of brown fat thermogenesis in order to
discover new therapeutic targets against obesity and related
disorders, such as hyperlipidemia, hyperglycemia, hyperten-
sion, hepatic steatosis, endothelial dysfunction, etc.

Obesity is the consequence of a positive energy balance
due to an increase in food intake exceeding energy expendi-
ture. Undeniably, the obesogenic environment of the current
industrialized societies defined by the combination of
hypercaloric overnutrition and sedentary habits can explain
partially these startling obesity trends. As thermogenesis has
the ability to increase energy expenditure using large amounts
of glucose and lipids avoiding lipid accumulation in WAT, it
has become an attractive target to prevent obesity and its
related-metabolic alterations, especially since that BAT was
described in human adults [9, 12, 44, 45, 247].

Human data have shown that the thermogenic activity was
inversely correlated with the body mass index, being lower in
obese than in lean subjects [10, 248, 249]. Many other
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evidences have highlighted that BAT thermogenesis and WAT
browning were decreased during obesity and overweight, es-
pecially in rodent models [207-210]. From a therapeutic point
of view, genetic and pharmacological manipulations of mo-
lecular targets to activate thermogenesis in BAT and WAT
could induce a body weight and adiposity decrease, indepen-
dently of food intake, associated to an improvement of asso-
ciated metabolic disorders such as hyperglycemia, insulin re-
sistance, hepatic steatosis, leptin resistance, and hyperlipid-
emia. However, the current developed drugs known to acti-
vate thermogenesis are hampered by non-specific extensive
sympathetic activation inducing side effects. Thus, growing
research effort has been made by the scientific community to
find a way to activate specifically the thermogenesis avoiding
the secondary complications. Promising results were obtained
targeting upstream hypothalamic molecular actors implicated
in the regulation of the thermogenic process. Interestingly, the
inactivation, genetically or using pharmacological inhibitors,
of AMPK within the VMH had demonstrated effects on in-
creasing BAT thermogenesis and WAT browning through an
increase of sympathetic firing resulting in significant body
weight loss [71, 77, 83, 199-201, 203, 210, 250].
Furthermore, the hypothalamic reduction of ER stress could
also be used as an innovative strategy to reduce body weight,
insulin and leptin resistance, hepatic steatosis, and other met-
abolic disorders, through the activation of SNS to BAT and
WAT [207, 208, 210]. Further work will be needed in the
coming years to address these questions and finding new
question marks. For example, much attention need to be fo-
cused on the interrelationship of BAT and WAT physiology
with other whole-organism functions, such as how immune
cells control thermogenesis, browning, and sympathetic con-
trol [251-255]. The role of browning and BAT in cachexia
[118] will be also of interest as it will provide not only alter-
native to cancer patients but also the knowledge of mechanism
that can induce negative energy balance to treat obesity.

Conclusion

In summary, the role of BAT (and browned WAT) has change
in the last decade from a “residual perspective” to a key organ/
tissue that seems critical to understand how energy balance is
modulated. Key to our current understanding was the charac-
terization of the different adipocytes cell types (white, brown,
and browned). Studies emerging from different groups had
contributed to understand the homeostatic regulation of BAT
activity pointing to the central nervous system, in particular
the hypothalamus, as the main actor. In many studies, the
thermogenic activity of BAT and browning was assessed
using UCP1 as biomarker. Recent evidences showing the ex-
istence of thermogenic activity via a UCP1-independent
mechanism highlight the need for additional studies dissecting

out the regulatory mechanisms and signaling pathways which
can mediate in a specific way canonical vs. non-canonical
(UCP1-independent). For many years, the key question in
the field was whether the amount of BAT tissue in humans
and the browning capacity of WAT was enough to have a
relevant impact on human well-being and disease develop-
ment. Although the issue is not yet fully solved, numerous
evidences support its relevance in the development of meta-
bolic maladies, such as obesity and diabetes. Thus, this link
has raised a strong interest for its therapeutic intervention.
However, some flaws and limitations had also been pointed
as well. One of the most often claimed is the likely difference
between rodents and humans in terms of functional relevance.
Despite of that, current data support its human role showing
that there is room for exploration and even for a potential
development of new approaches and rational therapies [256].
Data obtained in rodents indicates that chronic AMPK activa-
tion protects against high-fat diet-induced obesity through
both UCPI1 dependent and independent mechanisms.
Although some of the therapies used in humans, such as
GLP-1-agonists, may act at least in part through a similar
mechanism, there is not yet an AMPK-based therapy for obe-
sity. One of the main focus currently is the assessment of
nutritional regulation of adaptive thermogenesis as a
nutrient-based therapy to improve human health. However,
despite the large number of studies reported, there are not
conclusive evidences in humans among other reason because
of the inherent difficulties to assess BAT-activity and brow-
ning. Development of specific biomarkers for monitoring
these aspects in humans are eagerly awaited as do the ones
related to explain the gender-related differences and the mech-
anisms involved in the decrease of energy expenditure in aged
subjects. The exciting endeavor of understanding BAT phys-
iology has not finished yet and future research will be needed
to achieve the required knowledge to combat against obesity.

Acknowledgments The research leading to these results has received
funding from the National Institutes of Health, Xunta de Galicia (ML:
2015-CP079; CD: BFU2017-87721), MINECO co-funded by the
FEDER Program of EU (CD: BFU2017-87721-P; ML: RTI2018-
101840-B-100 and BFU2015-70454-REDT/Adipoplastd); Atresmedia
Corporacion (ML); “la Caixa” Foundation (ID 100010434) (ML:
HR19-00155), and Atresmedia. CIBER de Fisiopatologia de la
Obesidad y Nutricion is an initiative of ISCIIL. I G-G is a recipient of a
fellowship from Alexander von Humboldt Foundation (ESP 1206916
HFST-P). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript. Authors
have not conflict of interest.

References

1. Abizaid A, Horvath TL (2008) Brain circuits regulating energy
homeostasis. Regul Pept 149:3—10

2. Adler ES, Hollis JH, Clarke 1J, Grattan DR, Oldfield BJ (2012)
Neurochemical characterization and sexual dimorphism of

@ Springer

883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917

918
919
920
921
922
923
924
925
926
927
928
929

930Q3

931
932
933
934



935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999

JmlID 13105_ArtID 719_Proof# 1 - 11/12/2019

Gonzalez-Garcia et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

projections from the brain to abdominal and subcutaneous white
adipose tissue in the rat. J Neurosci 32:15913-15921

Aherne W, Hull D (1966) Brown adipose tissue and heat produc-
tion in the newbormn infant. J Pathol Bacteriol 91:223-234

Amir S (1990) Stimulation of the paraventricular nucleus with
glutamate activates interscapular brown adipose tissue thermogen-
esis in rats. Brain Res 508:152—155

Amir S, Schiavetto A (1990) Injection of prostaglandin E2 into the
anterior hypothalamic preoptic area activates brown adipose tissue
thermogenesis in the rat. Brain Res 528:138—142

Anand BK, Brobeck JR (1951) Localization of a "feeding center”
in the hypothalamus of the rat. Proc Soc Exp Biol Med 77:323—
324

Aravich PF, Sclafani A (1983) Paraventricular hypothalamic le-
sions and medial hypothalamic knife cuts produce similar hyper-
phagia syndromes. Behav Neurosci 97:970-983

Badman MK, Pissios P, Kennedy AR, Koukos G, Flier JS,
Maratos-Flier E (2007) Hepatic fibroblast growth factor 21 is
regulated by PPARalpha and is a key mediator of hepatic lipid
metabolism in ketotic states. Cell Metab 5:426-437

Balasko M, Szelenyi Z, Szekely M (1999) Central thermoregula-
tory effects of neuropeptide Y and orexin A in rats. Acta Physiol
Hung 86:219-222

Bamshad M, Aoki VT, Adkison MG, Warren WS, Bartness TJ
(1998) Central nervous system origins of the sympathetic nervous
system outflow to white adipose tissue. Am J Physiol 275:R291—
R299

Bamshad M, Song CK, Bartness TJ (1999) CNS origins of the
sympathetic nervous system outflow to brown adipose tissue. Am
J Physiol 276:R1569-R1578

Barbera MJ, Schluter A, Pedraza N, Iglesias R, Villarroya F, Giralt
M (2001) Peroxisome proliferator-activated receptor alpha acti-
vates transcription of the brown fat uncoupling protein-1 gene. A
link between regulation of the thermogenic and lipid oxidation
pathways in the brown fat cell. J Biol Chem 276:1486-1493
Bargut TCL, Souza-Mello V, Aguila MB, Mandarim-de-Lacerda
CA (2017) Browning of white adipose tissue: lessons from exper-
imental models. Horm Mol Biol Clin Investig 18:31(1)

Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus
K, Kaul MG, Tromsdorf UI, Weller H, Waurisch C et al (2011)
Brown adipose tissue activity controls triglyceride clearance. Nat
Med 17:200-205

Bartness TJ, Vaughan CH, Song CK (2010) Sympathetic and sen-
sory innervation of brown adipose tissue. Int J Obes (Lond)
34(Suppl 1):S36-S42

Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum Al,
Stucky CL, Jordt SE, Julius D (2007) The menthol receptor
TRPMBS is the principal detector of environmental cold. Nature
448:204-208

Beiroa D, Imbernon M, Gallego R, Senra A, Herranz D, Villaroya
F, Serrano M, Ferno J, Salvador J, Escalada J et al (2014) GLP-1
agonism stimulates brown adipose tissue thermogenesis and
browning through hypothalamic AMPK. Diabetes 63:3346-3358
Bernardis LL (1970) Participation of the dorsomedial hypothalam-
ic nucleus in the "feeding center" and water intake circuitry of the
weanling rat. J Neurovisc Relat 31:387-398

Bernardis LL, Bellinger LL (1987) The dorsomedial hypothalamic
nucleus revisited: 1986 update. Brain Res 434:321-381

Bernd N, Flockerzi V (2014) Mammalian transient receptor po-
tential (TRP) cation channels, vol 1. Springer-Verlag, Berlin
Heidelberg

Berry DC, Noy N (2009) All-trans-retinoic acid represses obesity
and insulin resistance by activating both peroxisome proliferation-
activated receptor beta/delta and retinoic acid receptor. Mol Cell
Biol 29:3286-3296

@ Springer

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

Bewick GA, Gardiner JV, Dhillo WS, Kent AS, White NE,
Webster Z, Ghatei MA, Bloom SR (2005) Post-embryonic abla-
tion of AgRP neurons in mice leads to a lean, hypophagic pheno-
type. FASEB J 19:1680-1682

Bhatnagar S, Meaney MJ, Amir S (1993) The effects of prosta-
glandin E2 injected into the paraventricular nucleus of the hypo-
thalamus on brown adipose tissue thermogenesis in spontaneously
hypertensive rats. Brain Res 613:285-287

Bi S, Kim YJ, Zheng F (2012) Dorsomedial hypothalamic NPY
and energy balance control. Neuropeptides 46:309-314

Bianco AC, Sheng XY, Silva JE (1988) Triiodothyronine am-
plifies norepinephrine stimulation of uncoupling protein gene
transcription by a mechanism not requiring protein synthesis. J
Biol Chem 263:18168-18175

Bonet ML, Ribot J, Palou A (2012) Lipid metabolism in mamma-
lian tissues and its control by retinoic acid. Biochim Biophys Acta
1821:177-189

Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessi-Fulgheri P,
Zhang C, Takahashi N, Sarzani R, Collins S (2012) Cardiac natri-
uretic peptides act via p38 MAPK to induce the brown fat ther-
mogenic program in mouse and human adipocytes. J Clin Invest
122:1022-1036

Boulant JA (2000) Role of the preoptic-anterior hypothalamus in
thermoregulation and fever. Clinical infectious diseases : an
offeicial publication of the Infectious Diseases Society of
America 31(Suppl 5):S157-S161

Boulant JA, Hardy JD (1974) The effect of spinal and skin tem-
peratures on the firing rate and thermosensitivity of preoptic
neurones. J Physiol 240:639—660

Cakir I, Diaz Martinez M, Lining Pan P, Welch EB, Patel S,
Ghamari-Langroudi M (2019) Leptin Receptor Signaling in
Sim1-expressing Neurons Regulates Body Temperature and
Adaptive Thermogenesis. Endocrinology 160:863—-879

Caminos JE, Bravo SB, Gonzalez CR, Garces MF, Cepeda LA,
Gonzalez AC, Cordido F, Lopez M, Dieguez C (2008) Food-in-
take-regulating-neuropeptides are expressed and regulated
through pregnancy and following food restriction in rat placenta.
Reprod Biol Endocrinol 6:14

Caminos JE, Bravo SB, Garces MF, Gonzalez CR, Cepeda LA,
Gonzalez AC, Nogueiras R, Gallego R, Garcia-Caballero T,
Cordido F et al (2009) Vaspin and amylin are expressed in human
and rat placenta and regulated by nutritional status. Histol
Histopathol 24:979-990

Cannon B, Nedergaard J (2004) Brown adipose tissue: function
and physiological significance. Physiol Rev 84:277-359

Cao WH, Morrison SF (2006) Glutamate receptors in the raphe
pallidus mediate brown adipose tissue thermogenesis evoked by
activation of dorsomedial hypothalamic neurons.
Neuropharmacology 51:426-437

Cao W, Medvedev AV, Daniel KW, Collins S (2001) beta-
Adrenergic activation of p38 MAP kinase in adipocytes: cAMP
induction of the uncoupling protein 1 (UCP1) gene requires p38
MAP kinase. J Biol Chem 276:27077-27082

Cao WH, Fan W, Morrison SF (2004) Medullary pathways medi-
ating specific sympathetic responses to activation of dorsomedial
hypothalamus. Neuroscience 126:229-240

Cardinal P, Bellocchio L, Guzman-Quevedo O, Andre C, Clark S,
Elie M, Leste-Lasserre T, Gonzales D, Cannich A, Marsicano G et
al (2015) Cannabinoid type 1 (CB1) receptors on Sim1-expressing
neurons regulate energy expenditure in male mice. Endocrinology
156:411-418

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine
ID, Julius D (1997) The capsaicin receptor: a heat-activated ion
channel in the pain pathway. Nature 389:816-824

Cereijo R, Giralt M, Villarroya F (2015) Thermogenic brown and
beige/brite adipogenesis in humans. Ann Med 47:169—-177

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065



1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131

Hypothesizing about central combat against obesity

JrnlID 13105_ArtID 719_Proof# 1 - 11/12/2019

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cereijo R, Villarroya J, Villarroya F (2015) Non-sympathetic con-
trol of brown adipose tissue. Int J Obes Suppl 5:S40-S44
Cereijo R, Gavalda-Navarro A, Cairo M, Quesada-Lopez T,
Villarroya J, Moron-Ros S, Sanchez-Infantes D, Peyrou M,
Iglesias R, Mampel T et al (2018) CXCL14, a brown adipokine
that mediates brown-fat-to-macrophage communication in ther-
mogenic adaptation. Cell Metab 28:750-763 e¢7e56

Chao PT, Yang L, Aja S, Moran TH, Bi S (2011) Knockdown of
NPY expression in the dorsomedial hypothalamus promotes de-
velopment of brown adipocytes and prevents diet-induced obesity.
Cell Metab 13:573-583

Cheng W, Zhu Z, Jin X, Chen L, Zhuang H, Li F (2012) Intense
FDG activity in the brown adipose tissue in omental and mesen-
teric regions in a patient with malignant pheochromocytoma. Clin
Nucl Med 37:514-515

Cinti S (2011) Between brown and white: novel aspects of adipo-
cyte differentiation. Ann Med 43:104-115

Cinti S (2018) Adipose Organ Development and Remodeling.
Compr Physiol 8:1357-1431

Clifford GM, Londos C, Kraemer FB, Vernon RG, Yeaman SJ
(2000) Translocation of hormone-sensitive lipase and perilipin
upon lipolytic stimulation of rat adipocytes. J Biol Chem 275:
5011-5015

Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson
KJ, Lo JC, Zeng X, Ye L, Khandekar MJ et al (2014) Ablation of
PRDM16 and beige adipose causes metabolic dysfunction and a
subcutaneous to visceral fat switch. Cell 156:304-316

Conceicao EPS, Madden CJ, Morrison SF (2018) Neurons in the
rat ventral lateral preoptic area are essential for the warm-evoked
inhibition of brown adipose tissue and shivering thermogenesis.
Acta Physiol (Oxf):e13213

Contreras C, Gonzalez F, Ferno J, Dieguez C, Rahmouni K,
Nogueiras R, Lopez M (2014) The brain and brown fat. Ann
Med:1-19

Contreras C, Gonzalez-Garcia I, Martinez-Sanchez N, Seoane-
Collazo P, Jacas J, Morgan DA, Serra D, Gallego R, Gonzalez F,
Casals N et al (2014) Central ceramide-induced hypothalamic
lipotoxicity and ER stress regulate energy balance. Cell Rep 9:
366-377

Contreras C, Gonzalez F, Ferno J, Dieguez C, Rahmouni K,
Nogueiras R, Lopez M (2015) The brain and brown fat. Ann
Med 47:150-168

Contreras C, Nogueiras R, Dieguez C, Medina-Gomez G, Lopez
M (2016) Hypothalamus and thermogenesis: heating the BAT,
browning the WAT. Mol Cell Endocrinol 438:107-115

Contreras C, Nogueiras R, Dieguez C, Rahmouni K, Lopez M
(2017) Traveling from the hypothalamus to the adipose tissue:
the thermogenic pathway. Redox Biol 12:854-863

Contreras C, Gonzalez-Garcia I, Seoane-Collazo P, Martinez-
Sanchez N, Linares-Pose L, Rial-Pensado E, Ferno J, Tena-
Sempere M, Casals N, Dieguez C et al (2017) Reduction of hy-
pothalamic endoplasmic reticulum stress activates browning of
white fat and ameliorates obesity. Diabetes 66:87-99

Cowley MA, Pronchuk N, Fan W, Dinulescu DM, Colmers WF,
Cone RD (1999) Integration of NPY, AGRP, and melanocortin
signals in the hypothalamic paraventricular nucleus: evidence of
a cellular basis for the adipostat. Neuron 24:155-163

Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine
AB, Kuo FC, Palmer EL, Tseng YH, Doria A et al (2009)
Identification and importance of brown adipose tissue in adult
humans. N Engl J Med 360:1509-1517

Cypess AM, White AP, Vernochet C, Schulz TJ, Xue R, Sass CA,
Huang TL, Roberts-Toler C, Weiner LS, Sze C et al (2013)
Anatomical localization, gene expression profiling, and functional
characterization of adult human neck brown fat. Nat Med 19:635—
639

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Diaz-Delfin J, Hondares E, Iglesias R, Giralt M, Caelles C,
Villarroya F (2012) TNF-alpha represses beta-Klotho expression
and impairs FGF21 action in adipose cells: involvement of JNK1
in the FGF21 pathway. Endocrinology 153:4238-4245

DiMicco JA, Abshire VM (1987) Evidence for GABAergic inhi-
bition of a hypothalamic sympathoexcitatory mechanism in anes-
thetized rats. Brain Res 402:1-10

Dimicco JA, Zaretsky DV (2007) The dorsomedial hypothalamus:
a new player in thermoregulation. Am J Physiol Regul Integr
Comp Physiol 292:R47-R63

Dodd G, Descherf S, Loh K, Simonds SE, Wiede F, Balland E,
Merry TL, Miinzberg H, Zhang ZY, Kahn BB et al (2015) Leptin
and insulin act on POMC neurons to promote the browning of
white fat. Cell 160:88-104

Dong A, Wang Y, Lu J, Zuo C (2014) Hypermetabolic mesenteric
brown adipose tissue on dual-time point FDG PET/CT in a patient
with benign retroperitoneal pheochromocytoma. Clin Nucl Med
39:¢229-¢232

Elmquist JK, Ahima RS, Elias CF, Flier JS, Saper CB (1998)
Leptin activates distinct projections from the dorsomedial and
ventromedial hypothalamic nuclei. Proc Natl Acad Sci U S A
95:741-746

Enriori PJ, Sinnayah P, Simonds SE, Garcia Rudaz C, Cowley MA
(2011) Leptin action in the dorsomedial hypothalamus increases
sympathetic tone to brown adipose tissue in spite of systemic
leptin resistance. J Neurosci 31:12189-12197

Fedorenko A, Lishko PV, Kirichok Y (2012) Mechanism of fatty-
acid-dependent UCP1 uncoupling in brown fat mitochondria. Cell
151:400-413

Ferno J, Senaris R, Dieguez C, Tena-Sempere M, Lopez M (2015)
Orexins (hypocretins) and energy balance: more than feeding. Mol
Cell Endocrinol 418(Pt 1):17-26

Fisher FM, Chui PC, Antonellis PJ, Bina HA, Kharitonenkov A,
Flier JS, Maratos-Flier E (2010) Obesity is a fibroblast growth
factor 21 (FGF21)-resistant state. Diabetes 59:2781-2789

Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F,
Wu J, Kharitonenkov A, Flier JS, Maratos-Flier E et al (2012)
FGF21 regulates PGC-1alpha and browning of white adipose tis-
sues in adaptive thermogenesis. Genes Dev 26:271-281
Folgueira C, Beiroa D, Callon A, Al-Massadi O, Barja-Fernandez
S, Senra A, Ferne J, Lopez M, Dieguez C, Casanueva FF et al
(2016) Uroguanylin Action in the Brain Reduces Weight Gain in
Obese Mice via Different Efferent Autonomic Pathways. Diabetes
65:421-432

Frontini A, Vitali A, Perugini J, Murano I, Romiti C, Ricquier D,
Guerrieri M, Cinti S (2013) White-to-brown transdifferentiation of
omental adipocytes in patients affected by pheochromocytoma.
Biochim Biophys Acta 1831:950-959

Fuller CA, Horwitz BA, Horowitz JM (1975) Shivering and
nonshivering thermogenic responses of cold-exposed rats to hy-
pothalamic warming. Am J Physiol 228:1519-1524

Gao XB, Horvath T (2014) Function and dysfunction of
hypocretin/orexin: an energetics point of view. Annu Rev
Neurosci 37:101-116

Garcia-Alonso V, Lopez-Vicario C, Titos E, Moran-Salvador E,
Gonzalez-Periz A, Rius B, Parrizas M, Werz O, Arroyo V, Claria J
(2013) Coordinate functional regulation between microsomal
prostaglandin E synthase-1 (mPGES-1) and peroxisome
proliferator-activated receptor gamma (PPARgamma) in the con-
version of white-to-brown adipocytes. J Biol Chem 288:28230—
28242

Garlid KD, Jaburek M, Jezek P, Varecha M (2000) How do
uncoupling proteins uncouple? Biochim Biophys Acta 1459:
383-389

@ Springer

1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195



1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261

JmlID 13105_ArtID 719_Proof# 1 - 11/12/2019

Gonzalez-Garcia et al.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Gonzalez-Garcia I, Ferno J, Dieguez C, Nogueiras R, Lopez M
(2017) Hypothalamic Lipids: Key Regulators of Whole Body
Energy Balance. Neuroendocrinology 104:398—411
Gonzalez-Garcia I, Contreras C, Estevez-Salguero A, Ruiz-Pino F,
Colsh B, Pensado I, Linares-Pose L, Rial-Pensado E, Martinez de
Morentin PB, Ferno J et al (2018) Estradiol regulates energy bal-
ance by ameliorating hypothalamic ceramide-induced ER stress.
Cell Rep 25:413-423 ed1e5

Guerra C, Navarro P, Valverde AM, Arribas M, Bruning J, Kozak
LP, Kahn CR, Benito M (2001) Brown adipose tissue-specific
insulin receptor knockout shows diabetic phenotype without insu-
lin resistance. J Clin Invest 108:1205-1213

Guieu JD, Hardy JD (1970) Effects of heating and cooling of the
spinal cord on preoptic unit activity. J Appl Physiol 29:675-683
Gunawardana SC, Piston DW (2012) Reversal of type 1 diabetes
in mice by brown adipose tissue transplant. Diabetes 61:674—-682
Hammel HT, Hardy JD, Fusco MM (1960) Thermoregulatory
responses to hypothalamic cooling in unanesthetized dogs. Am J
Physiol 198:481-486

Hankir MK, Klingenspor M (2018) Brown adipocyte glucose me-
tabolism: a heated subject. EMBO Rep 19

Harlan SM, Morgan DA, Agassandian K, Guo DF, Cassell MD,
Sigmund CD, Mark AL, Rahmouni K (2011) Ablation of the
leptin receptor in the hypothalamic arcuate nucleus abrogates lep-
tin-induced sympathetic activation. Circ Res 108:808-812
Heaton JM (1972) The distribution of brown adipose tissue in the
human. J Anat 112:35-39

Heaton GM, Wagenvoord RJ, Kemp A Jr, Nicholls DG (1978)
Brown-adipose-tissue mitochondria: photoaffinity labelling of the
regulatory site of energy dissipation. Eur J Biochem / FEBS 82:
515-521

Hetherington AW, Ranson SW (1940) Hypothalamic lesions and
adiposity in the rat. Anat Rec 78:149-172

Hetherington AW, Ranson SW (1942) The relation of various
hypothalamic lesions to adiposity in the rat. ] Comp Neurol 76:
475-499

Hinoi E, Nakamura Y, Takada S, Fujita H, lezaki T, Hashizume S,
Takahashi S, Odaka Y, Watanabe T, Yoneda Y (2014) Growth
differentiation factor-5 promotes brown adipogenesis in systemic
energy expenditure. Diabetes 63:162-175

Hogan S, Coscina DV, Himms-Hagen J (1982) Brown adipose
tissue of rats with obesity-inducing ventromedial hypothalamic
lesions. Am J Physiol 243:E338-E344

Holm C, Fredrikson G, Cannon B, Belfrage P (1987) Hormone-
sensitive lipase in brown adipose tissue: identification and effect
of cold exposure. Biosci Rep 7:897-904

Holt SJ, Wheal HV, York DA (1987) Hypothalamic control of
brown adipose tissue in Zucker lean and obese rats. Effect of
electrical stimulation of the ventromedial nucleus and other hypo-
thalamic centres. Brain Res 405:227-233

Holt SJ, Wheal HV, York DA (1988) Response of brown adipose
tissue to electrical stimulation of hypothalamic centres in intact
and adrenalectomized Zucker rats. Neurosci Lett 84:63—-67
Hondares E, Rosell M, Gonzalez FJ, Giralt M, Iglesias R,
Villarroya F (2010) Hepatic FGF21 expression is induced at birth
via PPARalpha in response to milk intake and contributes to ther-
mogenic activation of neonatal brown fat. Cell Metab 11:206-212
Hondares E, Iglesias R, Giralt A, Gonzalez FJ, Giralt M, Mampel
T, Villarroya F (2011) Thermogenic activation induces FGF21
expression and release in brown adipose tissue. J Biol Chem
286:12983-12990

Hondares E, Gallego-Escuredo JM, Flachs P, Frontini A, Cereijo
R, Goday A, Perugini J, Kopecky P, Giralt M, Cinti S et al (2014)
Fibroblast growth factor-21 is expressed in neonatal and pheo-
chromocytoma-induced adult human brown adipose tissue.
Metabolism 63:312-317

@ Springer

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Horn T, Wilkinson MF, Landgraf R, Pittman QJ (1994) Reduced
febrile responses to pyrogens after lesions of the hypothalamic
paraventricular nucleus. Am J Physiol 267:R323-R328
Hugie T, Halvorson I, Thornhill J (1992) Brown adipose tissue
temperature responses following electrical stimulation of ventro-
medial hypothalamic and lateral preoptic areas or after norepi-
nephrine infusion to Long Evans or Sprague-Dawley rats. Brain
Res 575:57-62
Hull D (1966) The structure and function of brown adipose tissue.
Br Med Bull 22:92-96
Imai-Matsumura K, Matsumura K, Nakayama T (1984)
Involvement of ventromedial hypothalamus in brown adipose tis-
sue thermogenesis induced by preoptic cooling in rats. Jpn J
Physiol 34:939-943
Inagaki T, Dutchak P, Zhao G, Ding X, Gautron L, Parameswara
V, LiY, Goetz R, Mohammadi M, Esser Vet al (2007) Endocrine
regulation of the fasting response by PPARalpha-mediated induc-
tion of fibroblast growth factor 21. Cell Metab 5:415-425
Jaburek M, Varecha M, Jezek P, Garlid KD (2001)
Alkylsulfonates as probes of uncoupling protein transport mech-
anism. lon pair transport demonstrates that direct H(+) transloca-
tion by UCP1 is not necessary for uncoupling. J Biol Chem 276:
31897-31905
Jastroch M, Divakaruni AS, Mookerjee S, Treberg JR, Brand MD
(2010) Mitochondrial proton and electron leaks. Essays Biochem
47:53-67
Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homoe P, Loft A,
de Jong J, Mathur N, Cannon B, Nedergaard J et al (2013) A
classical brown adipose tissue mRNA signature partly overlaps
with brite in the supraclavicular region of adult humans. Cell
Metab 17:798-805
Jiang Y, Munzberg H, Derbenev A, Zsombok A (2015) Leptin
Regulates Synaptic Activity of Brown Adipose Tissue-Related
Pre-Sympathetic Neurons in the Paraventricular Nucleus of the
Mice. FASEB J 29
Jo YH (2012) Endogenous BDNF regulates inhibitory synaptic
transmission in the ventromedial nucleus of the hypothalamus. J
Neurophysiol 107:42-49
Kajimura S, Spiegelman BM, Seale P (2015) Brown and beige fat:
physiological roles beyond heat generation. Cell Metab 22:546—
559
Kern PA, Finlin BS, Zhu B, Rasouli N, McGehee RE Jr, Westgate
PM, Dupont-Versteegden EE (2014) The effects of temperature
and seasons on subcutaneous white adipose tissue in humans:
evidence for thermogenic gene induction. J Clin Endocrinol
Metab 99:E2772-E2779
Kharitonenkov A, Shiyanova TL, Koester A, Ford AM,
Micanovic R, Galbreath EJ, Sandusky GE, Hammond LJ,
Moyers JS, Owens RA et al (2005) FGF-21 as a novel metabolic
regulator. J Clin Invest 115:1627-1635
Kiefer FW, Vernochet C, O'Brien P, Spoerl S, Brown JD,
Nallamshetty S, Zeyda M, Stulnig TM, Cohen DE, Kahn CR et
al (2012) Retinaldehyde dehydrogenase 1 regulates a thermogenic
program in white adipose tissue. Nat Med 18:918-925
Kim B (2008) Thyroid hormone as a determinant of energy ex-
penditure and the basal metabolic rate. Thyroid 18:141-144
Kim KW, Zhao L, Donato J Jr, Kohno D, Xu Y, Elias CF, Lee C,
Parker KL, Elmquist JK (2011) Steroidogenic factor 1 directs pro-
grams regulating diet-induced thermogenesis and leptin action in
the ventral medial hypothalamic nucleus. Proc Natl Acad Sci U S
A 108:10673-10678
Kir S, White JP, Kleiner S, Kazak L, Cohen P, Baracos VE,
Spiegelman BM (2014) Tumour-derived PTH-related protein trig-
gers adipose tissue browning and cancer cachexia. Nature 513:
100-104

1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326



1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390

Hypothesizing about central combat against obesity

JrnlID 13105_ArtID 719_Proof# 1 - 11/12/2019

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Klepac K, Georgiadi A, Tschop M, Herzig S (2019) The role of
brown and beige adipose tissue in glycaemic control. Mol Aspects
Med 68:90-100

Kong D, Tong Q, Ye C, Koda S, Fuller PM, Krashes MJ, Vong L,
Ray RS, Olson DP, Lowell BB (2012) GABAergic RIP-Cre neu-
rons in the arcuate nucleus selectively regulate energy expenditure.
Cell 151:645-657

Kotz CM, Wang C, Levine AS, Billington CJ (2002) Urocortin in
the hypothalamic PVN increases leptin and affects uncoupling
proteins-1 and -3 in rats. Am J Physiol Regul Integr Comp
Physiol 282:R546-R551

Kotzbeck P, Giordano A, Mondini E, Murano I, Severi I, Venema
W, Cecchini MP, Kershaw EE, Barbatelli G, Haemmerle G et al
(2018) Brown adipose tissue whitening leads to brown adipocyte
death and adipose tissue inflammation. J Lipid Res 59:784-794
Kusudo T, Wang Z, Mizuno A, Suzuki M, Yamashita H (2012)
TRPV4 deficiency increases skeletal muscle metabolic capacity
and resistance against diet-induced obesity. J Appl Physiol 112:
1223-1232

Labbe SM, Caron A, Lanfray D, Monge-Rofarello B, Bartness TJ,
Richard D (2015) Hypothalamic control of brown adipose tissue
thermogenesis. Front Syst Neurosci 9:150

Labbe SM, Caron A, Chechi K, Laplante M, Lecomte R, Richard
D (2016) Metabolic activity of brown, "beige," and white adipose
tissues in response to chronic adrenergic stimulation in male mice.
Am J Physiol Endocrinol Metab 311:E260—E268

Labbe SM, Caron A, Festuccia WT, Lecomte R, Richard D (2018)
Interscapular brown adipose tissue denervation does not promote
the oxidative activity of inguinal white adipose tissue in male
mice. Am J Physiol Endocrinol Metab 315:E815-E824

Lean ME, James WP, Jennings G, Trayhurn P (1986) Brown ad-
ipose tissue uncoupling protein content in human infants, children
and adults. Clin Sci (Lond) 71:291-297

Lee YK, Cowan CA (2013) White to brite adipocyte transition and
back again. Nat Cell Biol 15:568-569

Lee YH, Petkova AP, Konkar AA, Granneman JG (2015) Cellular
origins of cold-induced brown adipocytes in adult mice. FASEB J
29:286-299

Lidell ME, Betz MJ, Dahlqvist Leinhard O, Heglind M, Elander L,
Slawik M, Mussack T, Nilsson D, Romu T, Nuutila P et al (2013)
Evidence for two types of brown adipose tissue in humans. Nat
Med 19:631-634

Linares-Pose L, Rial-Pensado E, Estevez-Salguero A, Milbank E,
Gonzalez-Garcia I, Rodriguez C, Seoane-Collazo P, Martinez-
Sanchez N, Nogueiras R, Prieto D et al (2018) Genetic targeting
of GRP78 in the VMH improves obesity independently of food
intake. Genes (Basel) 9

Lindberg D, Chen P, Li C (2013) Conditional viral tracing reveals
that steroidogenic factor 1-positive neurons of the dorsomedial
subdivision of the ventromedial hypothalamus project to auto-
nomic centers of the hypothalamus and hindbrain. J] Comp
Neurol 521:3167-3190

Lob HE, Song J, Hurr C, Chung A, Young CN, Mark AL,
Davisson RL (2017) Deletion of p22phox-dependent oxidative
stress in the hypothalamus protects against obesity by modulating
beta3-adrenergic mechanisms. JCI Insight 2:¢87094

Lopez M, Tena-Sempere M, Dieguez C (2010) Cross-talk between
orexins (hypocretins) and the neuroendocrine axes (hypothalamic-
pituitary axes). Front Neuroendocrinol 31:113-127

Lopez M, Varela L, Vazquez MJ, Rodriguez-Cuenca S, Gonzalez
CR, Velagapudi VR, Morgan DA, Schoenmakers E, Agassandian
K, Lage R et al (2010) Hypothalamic AMPK and fatty acid me-
tabolism mediate thyroid regulation of energy balance. Nat Med
16:1001-1008

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Lopez M, Alvarez CV, Nogueiras R, Dieguez C (2013) Energy
balance regulation by thyroid hormones at central level. Trends
Mol Med 19:418-427

Lopez M, Nogueiras R, Tena-Sempere M, Dieguez C (2016)
Hypothalamic AMPK: a canonical regulator of whole-body ener-
gy balance. Nat Rev Endocrinol 12:421-432

Luo L, Liu M (2016) Adipose tissue in control of metabolism. J
Endocrinol 231:R77-R99

Ma S, Yu H, Zhao Z, Luo Z, Chen J, Ni Y, Jin R, Ma L, Wang P,
Zhu Z et al (2012) Activation of the cold-sensing TRPMS8 channel
triggers UCP1-dependent thermogenesis and prevents obesity. J
Mol Cell Biol 4:88-96

Madden CJ, Morrison SF (2009) Neurons in the paraventricular
nucleus of the hypothalamus inhibit sympathetic outflow to brown
adipose tissue. Am J Physiol Regul Integr Comp Physiol 296:
R831-R843

Madden CJ, Tupone D, Cano G, Morrison SF (2013) alpha2
Adrenergic receptor-mediated inhibition of thermogenesis. J
Neurosci 33:2017-2028

Madsen L, Pedersen LM, Lillefosse HH, Fjaere E, Bronstad I, Hao
Q, Petersen RK, Hallenborg P, Ma T, De Matteis R et al (2010)
UCP!I induction during recruitment of brown adipocytes in white
adipose tissue is dependent on cyclooxygenase activity. PLoS One
5:e11391

Marrif H, Schifman A, Stepanyan Z, Gillis MA, Calderone A,
Weiss RE, Samarut J, Silva JE (2005) Temperature homeostasis
in transgenic mice lacking thyroid hormone receptor-alpha gene
products. Endocrinology 146:2872-2884

Martinez de Mena R, Scanlan TS, Obregon MJ (2010) The T3
receptor betal isoform regulates UCP1 and D2 deiodinase in rat
brown adipocytes. Endocrinology 151:5074-5083

Martinez de Morentin PB, Whittle AJ, Ferno J, Nogueiras R,
Dieguez C, Vidal-Puig A, Lopez M (2012) Nicotine induces neg-
ative energy balance through hypothalamic AMP-activated pro-
tein kinase. Diabetes 61:807-817

Martinez de Morentin PB, Gonzalez-Garcia I, Martins L, Lage R,
Fernandez-Mallo D, Martinez-Sanchez N, Ruiz-Pino F, Liu J,
Morgan DA, Pinilla L et al (2014) Estradiol regulates brown adi-
pose tissue thermogenesis via hypothalamic AMPK. Cell Metab
20:41-53

Martinez-Sanchez N, Alvarez CV, Ferno J, Nogueiras R, Dieguez
C, Lopez M (2014) Hypothalamic effects of thyroid hormones on
metabolism. Best Pract Res Clin Endocrinol Metab 28:703-712
Martinez-Sanchez N, Seoane-Collazo P, Contreras C, Varela L,
Villarroya J, Rial-Pensado E, Buque X, Aurrekoetxea I, Delgado
TC, Vazquez-Martinez R et al (2017) Hypothalamic AMPK-ER
stress-JNK1 axis mediates the central actions of thyroid hormones
on energy balance. Cell Metab 26:212-229 €212
Martinez-Sanchez N, Moreno-Navarrete JM, Contreras C, Rial-
Pensado E, Ferno J, Nogueiras R, Dieguez C, Fernandez-Real
IM, Lopez M (2017) Thyroid hormones induce browning of white
fat. J Endocrinol 232:351-362

Martins L, Seoane-Collazo P, Contreras C, Gonzalez-Garcia 1,
Martinez-Sanchez N, Gonzalez F, Zalvide J, Gallego R, Dieguez
C, Nogueiras R et al (2016) A functional link between AMPK and
orexin mediates the effect of bmp8b on energy balance. Cell Rep
16:2231-2242

McKemy DD, Neuhausser WM, Julius D (2002) Identification of
a cold receptor reveals a general role for TRP channels in
thermosensation. Nature 416:52-58

Mercader J, Ribot J, Murano I, Felipe F, Cinti S, Bonet ML, Palou
A (2006) Remodeling of white adipose tissue after retinoic acid
administration in mice. Endocrinology 147:5325-5332

Min SY, Kady J, Nam M, Rojas-Rodriguez R, Berkenwald A,
Kim JH, Noh HL, Kim JK, Cooper MP, Fitzgibbons T et al
(2016) Human 'brite/beige' adipocytes develop from capillary

@ Springer

1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456



1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521

JmlID 13105_ArtID 719_Proof# 1 - 11/12/2019

Gonzalez-Garcia et al.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.
164.

165.

networks, and their implantation improves metabolic homeostasis
in mice. Nat Med 22:312-318

Mohammed M, Madden CJ, Burchiel KJ, Morrison SF (2018)
Preoptic area cooling increases the sympathetic outflow to brown
adipose tissue and brown adipose tissue thermogenesis. Am J
Physiol Regul Integr Comp Physiol 315:R609-R618
Monge-Roffarello B, Labbe SM, Lenglos C, Caron A, Lanfray D,
Samson P, Richard D (2014) The medial preoptic nucleus as a site
of the thermogenic and metabolic actions of melanotan II in male
rats. Am J Physiol Regul Integr Comp Physiol 307:R158-R166
Mori MA, Thomou T, Boucher J, Lee KY, Lallukka S, Kim JK,
Torriani M, Yki-Jarvinen H, Grinspoon SK, Cypess AM et al
(2014) Altered miRNA processing disrupts brown/white adipo-
cyte determination and associates with lipodystrophy. J Clin
Invest 124:3339-3351

Morimoto C, Kameda K, Tsujita T, Okuda H (2001) Relationships
between lipolysis induced by various lipolytic agents and hor-
mone-sensitive lipase in rat fat cells. J Lipid Res 42:120-127
Morrison SF (1999) RVLM and raphe differentially regulate sym-
pathetic outflows to splanchnic and brown adipose tissue. Am J
Physiol 276:R962-R973

Morrison SF, Nakamura K (2011) Central neural pathways for
thermoregulation. Front Biosci(LandmarkEd) 16:74—104
Musatov S, Chen W, Pfaff DW, Mobbs CV, Yang XJ, Clegg DJ,
Kaplitt MG, Ogawa S (2007) Silencing of estrogen receptor alpha
in the ventromedial nucleus of hypothalamus leads to metabolic
syndrome. Proc Natl Acad Sci U S A 104:2501-2506
Nakamura K, Morrison SF (2008) Preoptic mechanism for cold-
defensive responses to skin cooling. J Physiol 586:2611-2620
Nakamura Y, Nakamura K, Morrison SF (2009) Different popu-
lations of prostaglandin EP3 receptor-expressing preoptic neurons
project to two fever-mediating sympathoexcitatory brain regions.
Neuroscience 161:614—-620

Nedergaard J, Cannon B (2014) The browning of white adipose
tissue: some burning issues. Cell Metabolism 20:396-407
Nedergaard J, Lindberg O (1982) The brown fat cell. Int Rev
Cytol 74:187-286

Nedergaard J, Bengtsson T, Cannon B (2007) Unexpected evi-
dence for active brown adipose tissue in adult humans. Am J
Physiol Endocrinol Metab 293:E444-E452

Nicholls DG (1974) Hamster brown-adipose-tissue mitochondria.
The control of respiration and the proton electrochemical potential
gradient by possible physiological effectors of the proton conduc-
tance of the inner membrane. Eur J Biochem / FEBS 49:573-583
Ohno H, Shinoda K, Spiegelman BM, Kajimura S (2012)
PPARgamma agonists induce a white-to-brown fat conversion
through stabilization of PRDM16 protein. Cell Metab 15:395—
404

Oldfield BJ, Giles ME, Watson A, Anderson C, Colvill LM,
McKinley MJ (2002) The neurochemical characterisation of hy-
pothalamic pathways projecting polysynaptically to brown adi-
pose tissue in the rat. Neuroscience 110:515-526

Olney JW (1969) Brain lesions, obesity, and other disturbances in
mice treated with monosodium glutamate. Science 164:719-721
Organization WH (2018) Obesity data. In.

Perkins MN, Rothwell NJ, Stock MJ, Stone TW (1981) Activation
of brown adipose tissue thermogenesis by the ventromedial hypo-
thalamus. Nature 289:401-402

Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B,
Nedergaard J (2010) Chronic peroxisome proliferator-activated
receptor gamma (PPARgamma) activation of epididymally de-
rived white adipocyte cultures reveals a population of
thermogenically competent, UCP1-containing adipocytes molec-
ularly distinct from classic brown adipocytes. J Biol Chem 285:
7153-7164

@ Springer

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Petruzzelli M, Schweiger M, Schreiber R, Campos-Olivas R, Tsoli
M, Allen J, Swarbrick M, Rose-John S, Rincon M, Robertson G et
al (2014) A switch from white to brown fat increases energy ex-
penditure in cancer-associated cachexia. Cell Metab 20:433-447
Pfannenberg C, Werner MK, Ripkens S, Stef I, Deckert A,
Schmadl M, Reimold M, Haring HU, Claussen CD, Stefan N
(2010) Impact of age on the relationships of brown adipose tissue
with sex and adiposity in humans. Diabetes 59:1789-1793
Pirzgalska RM, Domingos Al (2018) Macrophages in obesity.
Cell Immunol 330:183-187

Pirzgalska RM, Seixas E, Seidman JS, Link VM, Sanchez NM,
Mahu I, Mendes R, Gres V, Kubasova N, Morris I et al (2017)
Sympathetic neuron-associated macrophages contribute to obesity
by importing and metabolizing norepinephrine. Nat Med 23:
1309-1318

Preston E, Triandafillou J, Haas N (1989) Colchicine lesions of
ventromedial hypothalamus: effects on regulatory thermogenesis
in the rat. Pharmacol Biochem Behav 32:301-307

Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman
BM (1998) A cold-inducible coactivator of nuclear receptors
linked to adaptive thermogenesis. Cell 92:829-839

Qian SW, Tang Y, Li X, Liu Y, Zhang Y'Y, Huang HY, Xue RD, Yu
HY, Guo L, Gao HD et al (2013) BMP4-mediated brown fat-like
changes in white adipose tissue alter glucose and energy homeo-
stasis. Proc Natl Acad Sci U S A 110:E798-E807
Quesada-Lopez T, Cereijo R, Turatsinze JV, Planavila A, Cairo M,
Gavalda-Navarro A, Peyrou M, Moure R, Iglesias R, Giralt M et al
(2016) The lipid sensor GPR120 promotes brown fat activation
and FGF21 release from adipocytes. Nat Commun 7:13479
Quinones M, Al-Massadi O, Folgueira C, Bremser S, Gallego R,
Torres-Leal L, Haddad-Tovolli R, Garcia-Caceres C, Hernandez-
Bautista R, Lam BYH et al (2018) p53 in AgRP neurons is re-
quired for protection against diet-induced obesity via JNK1. Nat
Commun 9:3432

Ribeiro MO, Bianco SD, Kaneshige M, Schultz JJ, Cheng SY,
Bianco AC, Brent GA (2010) Expression of uncoupling protein
1 in mouse brown adipose tissue is thyroid hormone receptor-beta
isoform specific and required for adaptive thermogenesis.
Endocrinology 151:432-440

Rodriguez-Rodriguez R, Miralpeix C, Fosch A, Pozo M,
Calderon-Dominguez M, Perpinya X, Vellvehi M, Lopez M,
Herrero L, Serra D et al (2019) CPT1C in the ventromedial nu-
cleus of the hypothalamus is necessary for brown fat thermogen-
esis activation in obesity. Mol Metab 19:75-85

Roh HC, Tsai LTY, Shao M, Tenen D, Shen Y, Kumari M,
Lyubetskaya A, Jacobs C, Dawes B, Gupta RK et al (2018)
Warming induces significant reprogramming of beige, but not
brown. Adipocyte Cellular Identity. Cell Metab 27:1121-1137
ell25

Rosenwald M, Perdikari A, Riilicke T, Wolfrum C (2013) Bi-di-
rectional interconversion of brite and white adipocytes. Nat Cell
Biol 15:659-667

Rossato M, Granzotto M, Macchi V, Porzionato A, Petrelli L,
Calcagno A, Vencato J, De Stefani D, Silvestrin V, Rizzuto R et
al (2014) Human white adipocytes express the cold receptor
TRPMS which activation induces UCP1 expression, mitochondri-
al activation and heat production. Mol Cell Endocrinol 383:137—
146

Ruan HB, Dietrich MO, Liu ZW, Zimmer MR, Li MD, Singh JP,
Zhang K, Yin R, Wu J, Horvath TL et al (2014) O-GlcNAc trans-
ferase enables AgRP neurons to suppress browning of white fat.
Cell 159:306-317

Saito M, Minokoshi Y, Shimazu T (1987) Ventromedial hypotha-
lamic stimulation accelerates norepinephrine turnover in brown
adipose tissue of rats. Life Sci 41:193-197

1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586



1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652

Hypothesizing about central combat against obesity

JrnlID 13105_ArtID 719_Proof# 1 - 11/12/2019

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Saito M, Yoneshiro T, Matsushita M (2016) Activation and re-
cruitment of brown adipose tissue by cold exposure and food
ingredients in humans. Best Pract Res Clin Endocrinol Metab
30:537-547
Sakaguchi T, Bray GA (1989) Effect of norepinephrine, serotonin
and tryptophan on the firing rate of sympathetic nerves. Brain Res
492:271-280
Sakaguchi T, Arase K, Bray GA (1988) Effect of
intrahypothalamic hydroxybutyrate on sympathetic firing rate.
Metabolism 37:732—735
Sakurai T (2007) The neural circuit of orexin (hypocretin): main-
taining sleep and wakefulness. Nat Rev Neurosci 8:171-181
Sakurai T (2014) The role of orexin in motivated behaviours. Nat
Rev Neurosci 15:719-731
Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM,
Tanaka H, Williams SC, Richardson JA, Kozlowski GP, Wilson
S et al (1998) Orexins and orexin receptors: a family of hypotha-
lamic neuropeptides and G protein-coupled receptors that regulate
feeding behavior. Cell 92:573-585
Sanchez-Gurmaches J, Hung CM, Sparks CA, Tang Y, Li H,
Guertin DA (2012) PTEN loss in the Myf5 lineage redistributes
body fat and reveals subsets of white adipocytes that arise from
Myf5 precursors. Cell Metab 16:348-362
Satinoff E, Valentino D, Teitelbaum P (1976) Thermoregulatory
cold-defense deficits in rats with preoptic/anterior hypothalamic
lesions. Brain Res Bull 1:553-565
Scammell TE, Elmquist JK, Griffin JD, Saper CB (1996)
Ventromedial preoptic prostaglandin E2 activates fever-producing
autonomic pathways. J Neurosci 16:6246—6254
Schneeberger M, Dietrich MO, Sebastian D, Imbernon M,
Castano C, Garcia A, Esteban Y, Gonzalez-Franquesa A,
Rodriguez IC, Bortolozzi A et al (2013) Mitofusin 2 in POMC
neurons connects ER stress with leptin resistance and energy im-
balance. Cell 155:172—-187
Schneeberger M, Gomis R, Claret M (2014) Hypothalamic and
brainstem neuronal circuits controlling homeostatic energy bal-
ance. J Endocrinol 220:T25-T46
Schreiber R, Diwoky C, Schoiswohl G, Feiler U, Wongsiriroj N,
Abdellatif M, Kolb D, Hoeks J, Kershaw EE, Sede;j S et al (2017)
Cold-induced thermogenesis depends on ATGL-mediated lipoly-
sis in cardiac muscle, but not brown adipose tissue. Cell Metab 26:
753-763 €757
Schulz TJ, Huang P, Huang TL, Xue R, McDougall LE,
Townsend KL, Cypess AM, Mishina Y, Gussoni E, Tseng YH
(2013) Brown-fat paucity due to impaired BMP signalling in-
duces compensatory browning of white fat. Nature 495:379-383
Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi J,
Cohen P, Cinti S, Spiegelman BM (2011) Prdm16 determines the
thermogenic program of subcutaneous white adipose tissue in
mice. J Clin Invest 121:96-105
Seoane LM, Lopez M, Tovar S, Casanueva FF, Senaris R, Dieguez
C (2003) Agouti-related peptide, neuropeptide Y, and somatostat-
in-producing neurons are targets for ghrelin actions in the rat hy-
pothalamus. Endocrinology 144:544-551
Seoane-Collazo P, Martinez de Morentin PB, Ferno J, Dieguez C,
Nogueiras R, Lopez M (2014) Nicotine improves obesity and
hepatic steatosis and ER stress in diet-induced obese male rats.
Endocrinology 155:1679-1689
Seoane-Collazo P, Ferno J, Gonzalez F, Dieguez C, Leis R,
Nogueiras R, Lopez M (2015) Hypothalamic-autonomic control
of energy homeostasis. Endocrine 50:276-291
Seoane-Collazo P, Roa J, Rial-Pensado E, Linares-Pose L, Beiroa
D, Ruiz-Pino F, Lopez-Gonzalez T, Morgan DA, Pardavila JA,
Sanchez-Tapia MJ et al (2018) SF1-Specific AMPKalphal
Deletion Protects Against Diet-Induced Obesity. Diabetes 67:
2213-2226

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Seoane-Collazo P, Linares-Pose L, Rial-Pensado E, Romero-Pico
A, Moreno-Navarrete JM, Martinez-Sanchez N, Garrido-Gil P,
Iglesias-Rey R, Morgan DA, Tomasini N et al (2019) Central
nicotine induces browning through hypothalamic kappa opioid
receptor. Nat Commun 10:4037

Shabalina IG, Petrovic N, de Jong JM, Kalinovich AV, Cannon B,
Nedergaard J (2013) UCP1 in brite/beige adipose tissue mitochon-
dria is functionally thermogenic. Cell Rep 5:1196-1203

Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L,
Hu H, Wang L, Pavlova Z, Gilsanz V et al (2012) Human BAT
possesses molecular signatures that resemble beige/brite cells.
PLoS One 7:¢49452

Shih MF, Taberner PV (1995) Selective activation of brown adi-
pocyte hormone-sensitive lipase and cAMP production in the
mouse by beta 3-adrenoceptor agonists. Biochem Pharmacol 50:
601-608

Shimizu I, Aprahamian T, Kikuchi R, Shimizu A, Papanicolaou
KN, MacLauchlan S, Maruyama S, Walsh K (2014) Vascular rar-
efaction mediates whitening of brown fat in obesity. J Clin Invest
124:2099-2112

Shin H, Ma Y, Chanturiya T, Cao Q, Wang Y, Kadegowda AKG,
Jackson R, Rumore D, Xue B, Shi H et al (2017) Lipolysis in
brown adipocytes is not essential for cold-induced thermogenesis
in mice. Cell Metab 26:764-777 €765

Shinoda K, Luijten IHN, Hasegawa Y, Hong H, Sonne SB, Kim
M, Xue R, Chondronikola M, Cypess AM, Tseng YH et al (2015)
Genetic and functional characterization of clonally derived adult
human brown adipocytes. Nat Med 21:389-394

Sidossis Labros S, Porter C, Saraf Manish K, Bersheim E,
Radhakrishnan Ravi S, Chao T, Ali A, Chondronikola M, Mlcak
R, Finnerty Celeste C et al (2015) Browning of subcutaneous
white adipose tissue in humans after severe adrenergic stress.
Cell Metabol 22:219-227

Silva JE (2006) Thermogenic mechanisms and their hormonal
regulation. Physiol Rev 86:435-464

Smith RE, Horwitz BA (1969) Brown fat and thermogenesis.
Physiol Rev 49:330-425

Stanley S, Pinto S, Segal J, Perez CA, Viale A, DeFalco J, Cai X,
Heisler LK, Friedman JM (2010) Identification of neuronal sub-
populations that project from hypothalamus to both liver and ad-
ipose tissue polysynaptically. Proc Natl Acad Sci U S A 107:
7024-7029

Steiner AA, Antunes-Rodrigues J, Branco LG (2002) Role of
preoptic second messenger systems (cCAMP and cGMP) in the
febrile response. Brain Res 944:135-145

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR,
Earley TJ, Hergarden AC, Andersson DA, Hwang SWet al (2003)
ANKTMI, a TRP-like channel expressed in nociceptive neurons,
is activated by cold temperatures. Cell 112:819-829

Swanson LW, Sawchenko PE (1980) Paraventricular nucleus: a
site for the integration of neuroendocrine and autonomic mecha-
nisms. Neuroendocrinology 31:410-417

Takahashi Y, Zhang W, Sameshima K, Kuroki C, Matsumoto A,
Sunanaga J, Kono Y, Sakurai T, Kanmura Y, Kuwaki T (2013)
Orexin neurons are indispensable for prostaglandin E2-induced
fever and defence against environmental cooling in mice. J
Physiol 591:5623-5643

Thornhill J, Halvorson I (1994) Activation of shivering and non-
shivering thermogenesis by electrical stimulation of the lateral and
medial preoptic areas. Brain Res 656:367-374

Tokunaga K, Fukushima M, Kemnitz JW, Bray GA (1986)
Comparison of ventromedial and paraventricular lesions in rats
that become obese. Am J Physiol 251:R1221-R1227

Tontonoz P, Hu E, Graves RA, Budavari Al, Spiegelman BM
(1994) mPPAR gamma 2: tissue-specific regulator of an adipocyte
enhancer. Genes Dev 8:1224-1234

@ Springer

1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718



1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784

JmlID 13105_ArtID 719_Proof# 1 - 11/12/2019

Gonzalez-Garcia et al.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Tourniaire F, Musinovic H, Gouranton E, Astier J, Marcotorchino
J, Arreguin A, Bernot D, Palou A, Bonet ML, Ribot J et al (2015)
All-trans retinoic acid induces oxidative phosphorylation and mi-
tochondria biogenesis in adipocytes. J Lipid Res 56:1100-1109
Trayhurn P (2017) Origins and early development of the concept
that brown adipose tissue thermogenesis is linked to energy bal-
ance and obesity. Biochimie 134:62-70

Tseng YH, Kokkotou E, Schulz TJ, Huang TL, Winnay JN,
Taniguchi CM, Tran TT, Suzuki R, Espinoza DO, Yamamoto Y
et al (2008) New role of bone morphogenetic protein 7 in brown
adipogenesis and energy expenditure. Nature 454:1000—1004
Uldry M, Yang W, St-Pierre J, Lin J, Seale P, Spiegelman BM
(2006) Complementary action of the PGC-1 coactivators in mito-
chondrial biogenesis and brown fat differentiation. Cell Metab 3:
333-341

Uno T, Shibata M (2001) Role of inferior olive and thoracic IML
neurons in nonshivering thermogenesis in rats. Am J Physiol
Regul Integr Comp Physiol 280:R536-R546

van den Top M, Lee K, Whyment AD, Blanks AM, Spanswick D
(2004) Orexigen-sensitive NPY/AgRP pacemaker neurons in the
hypothalamic arcuate nucleus. Nat Neurosci 7:493-494

van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM,
Drossaerts JM, Kemerink GJ, Bouvy ND, Schrauwen P, Teule GJ
(2009) Cold-activated brown adipose tissue in healthy men. N
Engl J Med 360:1500-1508

van Marken Lichtenbelt WD, Hanssen MJW, Hoeks J, van der
Lans A, Brans B, Mottaghy FM, Schrauwen P (2015) Cold accli-
mation and health: effect on brown fat, energetics, and insulin
sensitivity. Extrem Physiol Med 4:A45

Vegiopoulos A, Muller-Decker K, Strzoda D, Schmitt I,
Chichelnitskiy E, Ostertag A, Berriel Diaz M, Rozman J, Hrabe
de Angelis M, Nusing RM et al (2010) Cyclooxygenase-2 con-
trols energy homeostasis in mice by de novo recruitment of brown
adipocytes. Science 328:1158-1161

Vernochet C, Damilano F, Mourier A, Bezy O, Mori MA, Smyth
G, Rosenzweig A, Larsson NG, Kahn CR (2014) Adipose tissue
mitochondrial dysfunction triggers a lipodystrophic syndrome
with insulin resistance, hepatosteatosis, and cardiovascular com-
plications. FASEB J 28:4408-4419

Villarroya F, Vidal-Puig A (2013) Beyond the sympathetic tone:
the new brown fat activators. Cell Metab 17:638-643

Villarroya F, Cereijo R, Villarroya J, Giralt M (2017) Brown adi-
pose tissue as a secretory organ. Nat Rev Endocrinol 13:26-35
Villarroya F, Cereijo R, Villarroya J, Gavalda-Navarro A, Giralt M
(2018) Toward an understanding of how immune cells control
brown and beige adipobiology. Cell Metab 27:954-961

Wang C, Billington CJ, Levine AS, Kotz CM (2000) Effect of
CART in the hypothalamic paraventricular nucleus on feeding
and uncoupling protein gene expression. Neuroreport 11:3251—
3255

Wang C, Bomberg E, Billington C, Levine A, Kotz CM (2007)
Brain-derived neurotrophic factor in the hypothalamic
paraventricular nucleus increases energy expenditure by elevating
metabolic rate. Am J Physiol Regul Integr Comp Physiol 293:
R992-R1002

Wang QA, Tao C, Gupta RK, Scherer PE (2013) Tracking adipo-
genesis during white adipose tissue development, expansion and
regeneration. Nat Med 19:1338-1344

Waterson MJ, Horvath TL (2015) Neuronal regulation of energy
homeostasis: beyond the hypothalamus and feeding. Cell Metab
22:962-970

Whittle AJ, Carobbio S, Martins L, Slawik M, Hondares E,
Vazquez MJ, Morgan D, Csikasz RI, Gallego R, Rodriguez-
Cuenca S et al (2012) BMP8B increases brown adipose tissue
thermogenesis through both central and peripheral actions. Cell
149:871-885

@ Springer

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

Wiedmann NM, Stefanidis A, Oldfield BJ (2017) Characterization
of the central neural projections to brown, white, and beige adi-
pose tissue. FASEB J 31:4879-4890
Williams KW, Liu T, Kong X, Fukuda M, Deng Y, Berglund ED,
Deng Z, Gao Y, Liu T, Sohn JW et al (2014) Xbpls in Pomc
neurons connects ER stress with energy balance and glucose ho-
meostasis. Cell Metab 20:471-482
Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha
V, Troy A, Cinti S, Lowell B, Scarpulla RC et al (1999)
Mechanisms controlling mitochondrial biogenesis and respiration
through the thermogenic coactivator PGC-1. Cell 98:115-124
Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH,
Khandekar M, Virtanen KA, Nuutila P, Schaart G et al (2012)
Beige adipocytes are a distinct type of thermogenic fat cell in
mouse and human. Cell 150:366-376
Wu J, Cohen P, Spiegelman BM (2013) Adaptive thermogenesis
in adipocytes: is beige the new brown? Genes Dev 27:234-250
Xi D, Gandhi N, Lai M, Kublaoui BM (2012) Ablation of Sim1
neurons causes obesity through hyperphagia and reduced energy
expenditure. PLoS One 7:¢36453
Xu Y, Nedungadi TP, Zhu L, Sobhani N, Irani BG, Davis KE,
Zhang X, Zou F, Gent LM, Hahner LD et al (2011) Distinct hy-
pothalamic neurons mediate estrogenic effects on energy homeo-
stasis and reproduction. Cell Metab 14:453-465
Xue B, Coulter A, Rim JS, Koza RA, Kozak LP (2005)
Transcriptional synergy and the regulation of Ucp1 during brown
adipocyte induction in white fat depots. Mol Cell Biol 25:8311—
8322
Yang L, Scott KA, Hyun J, Tamashiro KL, Tray N, Moran TH, Bi
S (2009) Role of dorsomedial hypothalamic neuropeptide Y in
modulating food intake and energy balance. J Neurosci 29:179—
190
Ye L, Kleiner S, Wu J, Sah R, Gupta RK, Banks AS, Cohen P,
Khandekar MJ, Bostrom P, Mepani RJ et al (2012) TRPV4 is a
regulator of adipose oxidative metabolism, inflammation, and en-
ergy homeostasis. Cell 151:96-110
Yoneshiro T, Aita S, Matsushita M, Kameya T, Nakada K, Kawai
Y, Saito M (2011) Brown adipose tissue, whole-body energy ex-
penditure, and thermogenesis in healthy adult men. Obesity
(Silver Spring) 19:13-16
Yoshimatsu H, Egawa M, Bray GA (1993) Sympathetic nerve
activity after discrete hypothalamic injections of L-glutamate.
Brain Res 601:121-128
Youngstrom TG, Bartness TJ (1995) Catecholaminergic innerva-
tion of white adipose tissue in Siberian hamsters. Am J Physiol
268:R744-R751
Zaretskaia MV, Zaretsky DV, Shekhar A, DiMicco JA (2002)
Chemical stimulation of the dorsomedial hypothalamus evokes
non-shivering thermogenesis in anesthetized rats. Brain Res 928:
113-125
Zeng W, Pirzgalska RM, Pereira MM, Kubasova N, Barateiro A,
Seixas E, Lu YH, Kozlova A, Voss H, Martins GG et al (2015)
Sympathetic neuro-adipose connections mediate leptin-driven li-
polysis. Cell 163:84-94
Zhang YH, Lu J, Elmquist JK, Saper CB (2000)
Lipopolysaccharide activates specific populations of hypotha-
lamic and brainstem neurons that project to the spinal cord. J
Neurosci 20:6578-6586
Zhang Y, Kilroy GE, Henagan TM, Prpic-Uhing V, Richards WG,
Bannon AW, Mynatt RL, Gettys TW (2005) Targeted deletion of
melanocortin receptor subtypes 3 and 4, but not CART, alters
nutrient partitioning and compromises behavioral and metabolic
responses to leptin. FASEB J 19:1482-1491
Zhang W, Sunanaga J, Takahashi Y, Mori T, Sakurai T, Kanmura
Y, Kuwaki T (2010) Orexin neurons are indispensable for stress-
induced thermogenesis in mice. J Physiol 588:4117-4129

1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850



1851
1852
1853
1854
1855
1856
1857
1858

1866

Hypothesizing about central combat against obesity

JrnlID 13105_ArtID 719_Proof# 1 - 11/12/2019

254.

255.

Zhang Y, Kerman IA, Laque A, Nguyen P, Faouzi M, Louis GW,
Jones JC, Rhodes C, Munzberg H (2011) Leptin-receptor-express-
ing neurons in the dorsomedial hypothalamus and median preoptic
area regulate sympathetic brown adipose tissue circuits. J Neurosci
31:1873-1884

Zingaretti MC, Crosta F, Vitali A, Guerrieri M, Frontini A,
Cannon B, Nedergaard J, Cinti S (2009) The presence of UCP1
demonstrates that metabolically active adipose tissue in the neck

256.

of adult humans truly represents brown adipose tissue. FASEB J
23:3113-3120

Ziouzenkova O, Plutzky J (2008) Retinoid metabolism and nucle-
ar receptor responses: new insights into coordinated regulation of
the PPAR-RXR complex. FEBS Lett 582:32-38

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer

1859
1860
1861
1862
1863

1864
1865



AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES.

Q1. Please check if the affiliations are presented correctly.
Q2. Please check if the section headings are assigned to appropriate levels.
Q3. Please supply/verify the standard abbreviation of the journal name in Reference [135].



	Hypothesizing about central combat against obesity
	Abstract
	Introduction: brown adipose tissue through history
	Inside the brown adipocyte: thermogenesis

	Browning of WAT and whitening of BAT
	Thermogenesis inducers
	Human thermogenesis
	Central regulation of thermogenesis
	The preoptic area
	The dorsomedial nucleus of the hypothalamus
	The paraventricular nucleus of the hypothalamus
	The ventromedial nucleus of the hypothalamus
	The lateral hypothalamic area
	The arcuate nucleus of the hypothalamus

	Central regulation of browning
	Thermogenesis and obesity
	Conclusion
	References


