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ABSTRACT

Excess calories stored in white adipose tissue (WAT) could be reduced either through the activation
of brown adipose tissue (BAT) or the development of brown-like cells (“beige” or “brite”) in WAT, a
process named “browning.” Calorie dissipation in brown and beige adipocytes might rely on the
induction of uncoupling protein 1 (UCP1), which is absent in white fat cells. Any increase in UCP1 is
commonly considered as the trademark of energy expenditure. The intracellular events involved in
the recruitment process of beige precursors were extensively studied lately, as were the effectors,
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hormones, cytokines, nutrients and drugs able to modulate the route of browning and theoretically ucP1
affect fat mass in rodents and in humans. The aim of this review is to update the characterization of

the extracellular effectors that induce UCP1 in WAT and potentially provoke calorie dissipation. The
potential influence of metabolic cycling in energy expenditure is also questioned.

Introduction

To combat the obesity epidemic, both a drastic reduction in
energy supply and an elevation of energy expenditure are
considered as highly suitable therapies. Brown adipose tissue
(BAT) has been considered for years to be the adequate tis-
sue that should be activated for dissipating as heat the excess
of energy stored in white adipose tissue (WAT), although
translation from rodents to humans might not be obvious."
Thanks to the pioneering work of Ricquier and Kader in
1976, and of Nicholls’ team in 1978, it is now of common
knowledge that the process of energy expenditure as heat
requires - at least - the presence in brown adipocytes of a
protein with a peculiar function, the uncoupling protein 1
(UCP1).>* In coupled mitochondria, protons of the respira-
tory chain reintegrate the matrix while activating the ATP
synthase, hence producing ATP. In brown adipocytes,
UCP1 acts as a proton channel that diverts the proton flux,
thereby increasing the rate of respiratory chain, without
ATP synthesis.* The representation of an unfettered run-
away engine, resulting in heat production, can be used to
illustrate such a process.

Since BAT is now recognized as being present in adult
humans, several studies have been undertaken to develop
strategies for increasing the proportion of this tissue versus
WAT in overweight or obese subjects. An opposite strat-
egy, i.e. a reduction in WAT browning, has been recently
proposed to fight cachexia in patients suffering from can-
cer.” The animal models of choice are rodents in which
interscapular brown fat is easily localized and dissected.
The original studies on the activation of this tissue were
focused on the mechanisms by which cold exposure of the
animals would induce its development and UCP1 expres-
sion. This process involves B 3 adrenergic receptors, cAMP
production and lipolysis. Remarkable advancement arose
from the discovery of Loncar and of Cousin et al. who
showed that islands of adipocytes with a brown phenotype
are present in WAT and that cold exposure or adrenergic
stimulation induces UCP1 in these islands.%” Since then,
the concept of WAT browning has emerged and the litera-
ture on the subject has tremendously increased. Cells
resembling brown adipocytes in WAT were further
described and named “brite” for “brown-in-white” or
“beige” adipocytes.* '
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Mechanistic sketch of browning and UCP1
induction

The question of the existence of either a common pre-
cursor or two different ones for white and brown adipo-
cytes has been raised long ago and remains open,
although significant progress has been made lately with
the introduction of the browning concept.'' The present
view is that white, beige and brown adipocytes arise
from distinct precursors, based notably on the occur-
rence or not of Myf5, although a white/brown transdif-
ferentiation may occur.”” With the use of clonally
derived adult human brown adipocytes Shinoda et al.
identified molecular markers of UCP1-positive cells: the
potassium channel K3 (KCNK3) and mitochondrial
tumor suppressor 1 (MTUSI)."”” These two genes were
found to mark beige adipocyte differentiation and ther-
mogenic function."” An interesting and well-documented
review article was published on this topic lately.'* How-
ever, the specific marker of the brown phenotype
remains UCP1 because this protein is remarkably not
expressed in white adipocytes or in any other tissue.

An abundant literature can be found on the process of
preadipocyte differentiation using various types of cul-
tured cells, whether primary or established lines. Like in
these past studies, the present ones on the browning pro-
cess have established that a number of intracellular
mediators act as facilitators. Among these mediators can
be found the zinc finger protein PR domain containing
16 (PRDM16)."°

However results in this field should be taken with cau-
tion to avoid associating markers of differentiation with
effectors of UCP1 induction once cells are stabilized in
their differentiated state. For instance, the role of the co-
activator peroxisome proliferator activated receptor
gamma co-activator 1 o (PGC-1w), as a specific marker
for brown and beige adipocytes, is not obvious since it is
also present in WAT.'*"” PGC-1« is not only involved in
UCPI gene regulation but acts also as a transcriptional
co-activator for general mitochondriogenesis.'” Although
PRDM16 is clearly established as a marker of the beige
lineage, its direct role as a transcriptional inducer of the
UCP1 gene is unclear. In mice with an adipocyte-specific
deletion of PRDM16, cold-induced UCP1 gene expres-
sion remained effective in BAT while it was not in subcu-
taneous WAT.'® This result indicated that brown and
beige adipocytes were probably metabolically different. In
contrast, a report from Thorens’ laboratory points to
Plac8 - an activator of C/EBP-f8 gene transcription — as a
selective inducer of brown adipocyte differentiation,
because genetic ablation of this gene leads to obvious
functional defects only in BAT." Additionally, another
protein - zinc finger protein 516 ; Z{p516 - is a recently
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discovered transcriptional activator of the UCP1 gene.*
However, Z{p516 acts both in brown and beige adipocytes
as an inducer of UCP1 gene expression in response to cold
or B-agonists, hence showing no cell-type specificity.
Other nuclear proteins can exert repressing effects of the
beiging program. This could be the case for instance of
the receptor-interacting protein 140 (RIP140), a tran-
scriptional co-regulator, that appears to act as a co-repres-
sor involved in the repression of the expression of marker
genes of browning, including PRDM16 and UCP1.*' In
addition to research aimed at delineating potentially
active proteins, an exponentially growing field of interest
is currently studying the involvement of miRNAs in the
browning process, trying to identify which of these ones
are required and which others act as negative regulators.
For instance, miRNA-155 was shown to repress brown-
ing, while the miRNA-26 family appeared to act mainly
as promoters of brown adipocyte characteristics during
adipocyte differentiation.”>**

The recent demonstration that polymorphism in the
fat mass- and obesity-associated (FTO) locus was associ-
ated with obesity provoked an emulation for studies
related to WAT browning. While Tews et al. showed
that FTO deficiency induced UCP1 in both gonadal and
inguinal WAT, Claussnitzer et al. and Stratigopoulos
et al. found that the FTO hypomorphism acted as a
repressor of mitochondrial thermogenesis and caused
obesity in mice.**® Therefore, the differential impact of
FTO on WAT browning and obesity remains to be
clarified.

Physiological stimuli and extracellular effectors
that affect browning

To approach the mechanisms by which hormones,
nutrients and drugs affect browning, a couple of notions
should be kept in mind. Some agents would induce dif-
ferentiation of precursors toward a brown phenotype,
whereas others would stimulate the thermogenic capacity
and augment UCP1 expression in brown adipocytes that
would preexist in WAT. In addition, the observed effects
could be either direct or indirect on adipose tissue. For
instance, the in vivo effects of cold, orexin or leptin and
insulin appear to be central ones whereas melatonin can
exert both central and peripheral thermogenic actions
and serotonin acts specifically on adipocytes (see below).
The use of either differentiated brown adipocytes or adi-
pose tissue explants are scarce and, most often, studies
have been carried out on cell systems of differentiation.

A non-exhaustive and still growing series of extracel-
lular effectors able to modulate WAT browning are
detailed below and are depicted in Figure 1.
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Figure 1. Schematic representation of extracellular effectors able to modulate white adipose tissue browning. Stimulatory and inhibitory
effects on the browning process, schematized by increased uncoupling protein 1 (UCP1) expression in adipose tissue (AT) are repre-
sented respectively in green and red arrows. Yellow cells depict “white” adipocytes and gray cells illustrate beige adipocytes with
increased mitochondria content. Blood vessels and other cells present in AT (preadipocytes, fibroblasts, macrophages, lymphocytes) are
also shown. BAIBA, 8 -aminoisobutyric acid; FGF21, fibroblast growth factor 21; IL, interleukin; GDF, growth and differentiation factor;
BMP, bone morphogenic protein; T3, trioodothyronine; ANP, atrial natriuretic peptide; GLP1, glucagon-like peptide 1; KLF, kruppel-like
factor; PG, prostaglandin; CLA, conjugated trans-10, cis-12 fatty acid; ARG, arginine; CIT, citrulline; TGF, transforming growth factor

Cold, burn and exercise

Cold exposure is responsible for both shivering and
non-shivering thermogenesis, the latter involving BAT
activation.”” Cold activates cutaneous thermal sensory
receptors that signal the hypothalamus to activate the
sympathetic nerve that locally discharges norepinephrine
directly to BAT.*® The innervation that has been
observed in BAT-like arrangements of WAT from cold-
adapted rats could also be a major determinant of UCP1
expression.6 Such an effect is indirect, although UCP1
induction was also observed when adipocytes are directly
submitted to a cooler environment, suggesting that these
cells can sense temperature to activate thermogenesis.”’
Cold also induces in mice a microbiota remodeling that
could be an important contributor of beige fat formation
and energy expenditure.”® Other recent publications
have confirmed the role of microbiota in this process.”"
WAT browning under cold exposure together with
the observed increase in glucose tolerance can therefore
be considered as beneficial.** A contradiction in the field

came from the recent work of Li et al. showing that mice
deficient in Gs-« both in BAT and WAT adipocytes had
improved insulin sensitivity and glucose metabolism
although BAT activation and the browning process were
ablated.> Remarkably, these mice did not develop obe-
sity when fed a high-fat diet (HFD), showing that neither
thermogenesis in BAT nor in beige adipocytes were
required to stabilize fat mass.”

In contrast to cold exposure, severe burn injury indu-
ces subcutaneous fat browning.34 This effect, however,
could be more related to a deletorious effect of the eleva-
tion of energy expenditure developed by burn patients.

The demonstration that exercise can contribute to
WAT browning comes from the pioneering works of Xu
el al.”® and of Cao L. et al.’® Xu et al. reported that mice
trained on a treadmill for 8 weeks had a greater number
of brown adipocyte precursor cells in BAT and an
increase in UCP1 expression in WAT. In addition, this
exercise alleviated the deleterious effects of HFD. In the
Cao study, mice held in cages with free access to running
wheels for a 4-weeks voluntary activity, presented a



significant, although modest, increase in UCP1 mRNA
level in retroperitoneal WAT, together with other
markers of beige adipocytes. When such mice were
maintained in an enriched environment (a complex
physical and social housing, including running wheels),
UCP1 gene expression was strongly up-regulated and a
decreased adiposity was observed. The hypothalamic
brain-derived neurotrophic factor (BDNF) overexpres-
sion could be the mediator of the effect of this enriched
environment on WAT browning and energy
expenditure.”®

Another interesting observation came from the work
of Casteilla’s group who showed that lactate, that is nota-
bly produced by muscle during exercise, was a strong
inducer of the remodeling of WAT toward browning,
probably via a change in intracellular redox state.'**’
Actually, pyruvate, lactate and ketone bodies activate the
Fibroblast growth factor 21 (FGF21) regulatory pathway,
which was previously established as a strong inducer
of UCP1 expression in fat tissues by Spiegelman’s
laboratory.*®*

Cytokines, growth factors and hormones

Cytokines and growth factors
FGF21 is mainly produced in adipose tissues and in the
liver. This growth factor could be an important regulator
of metabolic processes, particularly for WAT brown-
ing.®® A more recent report indicated that the FGF21-
induced energy dissipation might not be related to
UCP1, because it occurred in UCP1-/- mice.** However,
a study from Klaus’ group specified that in FGF21 -/-
mice, the browning process cannot occur, but demon-
strated also that in genetically engineered mice express-
ing UCP1 in skeletal muscles and having a deletion of
the FGF21 gene, resistance to HFD-induced obesity and
glycemic control were still efficient, strongly suggesting
that « improved glycemic control and insulin sensitivity
induced by muscle mitochondrial stress occurred inde-
pendent of FGF21 » as stressed by the authors.*'
Interleukin-6 (IL6) is produced in large quantities by
muscle during exercise and daily injections of IL6 to
mice increased WAT UCP1.** The serum concentration
of other muscle-secreted myokines is also raised during
training. Bostrom et al. demonstrated that Irisin, a type I
membrane protein that is processed proteolytically, was
regulated by PGC-1« and had powerful effects on WAT
browning, both in culture and in vivo, at the nanomolar
concentration.*’ Further works supported the role of this
newly identified hormone.** Another hormone, called
meteorin-like (Metrnl), was recently put to the fore front
by Spiegelman’s laboratory. It was shown that the level
of circulating Metrnl raised after an acute bout of
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exercise and caused an increase in whole-body energy
expenditure, associated with the browning of white fat
depots.45 Metrnl action is indirect, recruiting interleu-
kin-4 (IL4)- and interleukin-13 (IL13)-producing eosi-
nophils into WAT.** This discovery sustains the recent
observation from Chawla’s group about the importance
of alternative macrophage activation in cold-induced
thermogenesis.46 In the same vein, IL33 activates UCP1
expression in WAT, in relation with the presence of
group 2 innate lymphoid cells in the tissue, where such
cells may act to limit fat mass gain.*” Last but not least, a
recent work identified § -aminoisobutyric acid (BAIBA)
as a novel myokine that was augmented during exercise
and shown able to increase the expression of brown adi-
pocyte-specific genes in WAT.*®

Koncarevic et al. established that TGF-g family regu-
lated thermogenesis in primary adipocyte cultures.*” A
review article on this topic was recently published by
Singh et al.”® The TGF-B superfamily members indeed
appear to play important either negative or positive roles
in WAT browning. This family includes over 30 mem-
bers of cytokines such as activins, bone morphogenetic
proteins (BMP) and GDFs. While BMP4 was shown to
play merely an inhibitory role on brown fat differentia-
tion and UCP1 expression, BMP7 was an inducer of this
pathway.”’ With these effectors here again, the inducing
effect on UCP1 can be somewhat different when applied
to preadipocytes and to mature adipocytes since UCP1
was not affected by BMP7 in differentiated cells of a
murine brown preadipocyte cell line.”> While GDF5
overexpression exerted a positive action on brite cell
development and UCP1 expression in inguinal subcuta-
neous WAT, GDF3 and 11 inhibited browning.”> Folli-
statin, which is a neutralizing protein for several
members of the TGF-8 superfamily, upregulated UCP1
in WAT.”® The pathway by which these factors transfer
their signal to cells involved the activin receptor type IIB
(ActRIIB) and smad transcription factors.”

Some cytokines are specifically synthetized and pro-
duced by adipocytes and thus named adipokines. Among
these, apelin promoted browning both on short-term and
long-term treatments in vivo and in cultured cells.”* This
observation is surprising because apelin expression is
stimulated by insulin and it increases in obesity.”*>> The
proposed hypothesis that a beneficial feedback control
occurs on adipocyte metabolism is under debate.”* A par-
allel can be made with the situation encountered with lep-
tin. The serum concentration of this hormone also
increases during overweight and obesity. Commins et al.
reported that in leptin-treated ob/ob mice, UCP1 was
induced in BAT and WAT.”® This view was recently chal-
lenged by Nedergaard’s laboratory who described that the
injection of leptin to mice had no effect on BAT
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metabolism and thermogenesis.”” However, Tiganis’ team
demonstrated earlier that intra-hypothalamic administra-
tion of leptin to mice resulted, several days later, in an
augmented amount of WAT UCP1.>® Interestingly, the
co-infusion of insulin and leptin sound highly efficient on
UCP1 induction. Authors concluded that these hormones
activated proopiomelanocortin neurons to promote
WAT browning and reduce adiposity.”® Hence, such
experiments suggested that leptin was efficient here via its
central action. Whether this hormone can also act directly
on adipocytes to induce UCP1 will await further investi-
gations. One of the potential mechanisms could be a lep-
tin-induced stimulation of the thyroid axis resulting in an
increased triiodothyronine (T3) serum concentration that
would augment thermogenesis.”

Since adiponectin KO mice that were maintained in a
cold environment were resistant to browning and because
chronic cold exposure of normal mice induced adiponectin
accumulation in subcutaneous WAT, Hui et al. suggested
that this adipokine played a key role in this process.”” The
link made between adiponectin expression, M2 macrophage
proliferation and WAT browning led the authors to propose
the existence of a crosstalk between innate immunity and
adaptive thermogenesis.”’

Hormones

Norepinephrine is a well-known physiological effector of
non-shivering thermogenesis, notably in response to cold.
The exact mechanism by which this process occurs is how-
ever not clearly established. Would cold induce the differenti-
ation of brown precursors or augments UCP1 synthesis -
hence the thermogenic capacity - in dormant brown adipo-
cytes, or both? The specific B-receptor of brown adipocytes is
the $-3 isotype and several lines of evidence indicated that
this receptor mediated UCP1 induction in response to spe-
cific agonists, via cCAMP production.®' However, norepineph-
rine is not a selective ligand for -3 receptors and can also act
via -1 receptors present in precursor cells, with a possible
participation in browning.®> A more recent report by Jimenez
et al. indicated that deletion of 8-3 adrenoceptor in mice
depressed the occurrence of brown adipocytes in WAT.

In the search of BAT therapies, Gnad et al. made a
very interesting discovery about adenosine and adeno-
sine receptors.®* Adenosine has been known for long as
an inhibitor of lipolysis in WAT, acting to reduce the
sensitivity to catecholamines. This action holds also true
in brown adipocytes from hamsters or rats. In contrast
to these studies, low adenosine concentrations increased
lipolysis in human brown adipocytes.®* This is due to the
preponderance of A2a receptors (A2aR) in brown adipo-
cytes whereas the anti-lipolytic effect of adenosine is the
result of abundant A1 receptors in WAT. Furthermore,
specific A2aR agonists or the injection of lentiviral

vectors expressing A2aR into murine white adipocytes
induced UCP1 and browning. Hence, pharmacological
agonists of A2R could be promising drugs for stimulat-
ing energy expenditure.

T3 was early described as an inducer of UCP1 gene
transcription in BAT.> T3 receptor agonists are brown-
ing agents in subcutaneous WAT and the thermogenic
action of T3 depends on the presence of UCP1.°>%

Orexin is another CNS-derived hormone that has an
important role on BAT development.®® A subpopulation
of orexin neurons project to BAT sympathetic premotor
neurons. In cultured cells from orexin-null mice, a defect
in the differentiation of brown preadipocytes was
observed.®® Some BAT premotor neurons are also gluta-
minergic and increase the thermogenic activity, while
others can release serotonin (5-HT) to interact with 5-
HTI1A receptors and reduce thermogenesis.”” However,
it seems that more than neuronal-derived effects on
BAT, local adipose production of 5-HT affects thermo-
genesis.”” Mice with an inducible adipocyte-selective
knock out of the tryptophan hydroxylase - Tphl- gene,
that encodes one of the 5-HT-producing enzymes, exhib-
ited a phenotype similar to that obtained with mice in
which 5-HT synthesis is inhibited pharmacologically.”
Thus, the local production of 5-HT is important in that
case. The potential direct effect of orexin on WAT
browning will require further investigations.

Some steroids play interesting roles in that context.
The administration of tamoxifen, an antagonist for
estrogen receptors, to mice caused browning of sub-
cutaneous AT and increased UCP-1 expression, hence
suggesting that the estrogen receptors were involved
in this process.”> Mineralocorticoids and glucocorti-
coids opposed isoproterenol-induced activation of
BAT.”? In addition, glucocorticoids (dexamethasone)
down-regulated BAT UCP1 expression and inhibited
the browning process both in vivo in mice and in
vitro, on stromal vascular cells from human WAT.”*
This negative action could be mediated by a micro-
RNA named miR-27b and could explain the observed
positive correlation between glucocorticoid treatment
and weight gain. The mineralocorticoid receptor
(MR) is also implicated in the negative effect of these
hormones on WAT browning and UCPI1 induction,
because MR antagonists markedly increased UCP1
levels in visceral and inguinal fat depots.”>”®

Three other hormones were recently demonstrated
as WAT browning agents, the glucagon-like peptide 1
(GLP-1), the atrial natriuretic peptide (ANP), and
melatonin.””””® Melatonin can be taken for several
weeks with no reported side effects and therefore con-
stitute a potential interesting compound when energy
expenditure is the target.



Activators of peroxisome proliferator activated
receptors (PPARs)

Since their initial discovery in 1990, PPARs have been
the subject of a large number of studies, among which
their involvement in adipose tissue development and
metabolism has been put to the forefront.**** Partic-
ularly, the gamma isoform of PPARs has been early
considered as essential to preadipocyte differentiation.
Thiazolidinediones (TZD) are selective PPAR-gamma
ligands and activators. Following the initial demon-
stration by Foellmi-Adams et al. that the selective
PPAR-gamma activator pioglitazone exerted a direct
effect on BAT cells in vitro by increasing UCPI
mRNA and protein levels, Moller’s group found that
in vivo administration of TZD to rats for 14 days
resulted in UCP1 up-regulation.®>** Although these
drugs can activate UCP1 gene transcription via a
PPAR element (PPRE) present in the promoter of the
gene, their potential browning effect is probably
linked to their capacity to stimulate preadipocyte dif-
ferentiation toward a beige phenotype as reported
previously.®*>*® In line with this concept, Seale’s labo-
ratory demonstrated that the early B cell factor-2
(Ebf2) recruited PPAR-gamma to its brown-selective
binding sites, including the UCP1 gene.*” Ebf2-null
mice were completely devoid of brown characters, in
link with a loss of expression of UCP1, PRDM16 and
Cidea mRNA. Conversely, white adipocytes trans-
duced with Ebf2 presented a rise in the expression of
UCP1, PRDM16, PGCl-« or Cidea, thus suggesting
the browning role of this transcription factor. Hence,
Ebf2 acts ahead of the other actors of the browning
process. In contrast, other determinants intervene
downstream of PPAR-gamma, like the Kruppel-like
factor 11 (KLF11), identified by Mandrup and col-
leagues as a PPAR-gamma-induced transcription fac-
tor that sustained the acquisition of a beige adipocyte
gene program in a human adipocyte cell line, the
hMADS.2 Once established, this KLF11-dependent
differentiation program was maintained in a rosiglita-
zone-independent manner. The in vivo relevance of
the importance of KLF11 in browning remains to be
demonstrated.

The PPRE of the UCP1 gene also binds PPAR-« and a
short (6h) exposure of mice to Wy 14,643, a selective
PPAR-« ligand, resulted in a large induction of UCP1
mRNA in BAT.* Although WY-14,643 and bezafibrate
stimulate mitochondrial biogenesis and UCP1 expres-
sion in cultured models of human and mouse white adi-
pocytes, the formal demonstration that PPAR-« agonists
can induce in vivo browning remains an opened ques-
tion.*> For PPAR effects, the co-activator PGC-la
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appeared to be an essential player for both mitochon-
driogenesis and the observed concomitant upregulation
of the UCP1 gene.'®*” The potential relative contribu-
tions of diverse PPAR isoforms in the browning process
have been nicely reviewed lately.*®

Nutrients

A series of nutrients or of compounds that can be given
as food supplements or derive from them - carotenoids
and fucoxanthine, resveratrol, curcumin, conjugated
linoleic acids (CLA), ketone bodies - have the potency to
stimulate UCP1 expression in BAT. Most of these com-
pounds have now been described as browning agents.
Another compound, namely nitrate, can also play such a
role.” Inorganic nitrate is given to humans for its action
on blood pressure.”’ Because of its effect on the reduc-
tion of body fat, Roberts et al. made the hypothesis that
it could induce WAT browning and showed that this
was indeed the case in treated rodents via a regulation
involving cGMP.”

The impact of carotenoids - including B-carotenes, reti-
noids and fucoxanthines - on WAT browning was analyzed
lately in an exhaustive review article.” The stimulation of
browning was associated to the beneficial effect of these
compounds on adiposity. Carotenoids are natural liposolu-
ble pigments from plants, alguae and certain bacteria. Some
carotenoids, like B-carotene can give birth to vitamin A and
must be provided from fruits and vegetables because
humans cannot synthetize them. These compounds are
therefore of wide interest as potential energy dissipators. In
contrast to vitamin A, 1,25-dihydroxyvitamin D3 (vitamin
D) appears to favor WAT mass expansion and to directly
suppress UCP1 expression.”

Another natural compound -resveratrol- isolated from
grapes and other food vegetables was extensively studied
because of its multiple beneficial effects, including its
protective action on the development of obesity and
insulin resistance.”® A recent report from Wang et al.
indicated that resveratrol induced brown-like adipocyte
formation in inguinal WAT of mice and that this process
required AMPkinase activation.”” These authors suggest
that the beneficial anti-obesity action of this polyphenol
could rely on its browning ability.”> Curcumin, a popular
asian spice with weight loss and anti-diabetic properties,
and ginsenoside isolated from ginseng, were also shown
to stimulate UCP1 in cultured adipocytes.”**”> In addi-
tion, curcumin administered to mice by gavage for
50 days induced the browning of subcutaneous WAT.”®

Selective FAs could be of interest to reduce obesity
and potentially increase energy expenditure. Oudart
et al. originally demonstrated that rats fed a high-fat diet
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enriched with omega-3 FAs developed mitochondrial
biogenesis and thermogenesis in BAT, together with
increased GDP binding as UCP1 detection.”” Further
work on this topic from Kopecky’s and Escriba’s groups
demonstrated that neither omega-9 nor omega-3 FAs
could affect UCP-1 in BAT or WAT.”®* In contrast, the
omega-6 FA arachidonic acid and its derivatives influ-
enced either positively (cPGI2) or negatively (PGE2 and
PGF2-«a) UCP1 induction in the hMADs preadipocyte
human cell line.'"”>'®" A synthetic FA named 2-Hydrox-
yoleic acid, was found able to strongly stimulate UCP-1
selectively in retroperitoneal WAT from treated rats.”
Additional work from the same laboratory demonstrated
that this FA derivative presented interesting properties
as a potential therapeutic agent, both in obesity and can-
cer. Another group of dietary FAs, the conjugated trans-
10, cis-12 fatty acids (CLAs), also has the ability to
reduce fat mass.®>'*>'”> WAT browning could be impli-
cated in such an effect of CLA. In addition to selective
FAs, hepatic FA metabolites like the S-hydroxy butyrate
derivative, induced UCP-1 mRNA in cultured adipocytes
from mice.”

Specific emphasis on amino acids

It is known for years that calorie restriction augments life
span and reduces fat mass. A series of experiments were
then focused on the effect that a selective restriction of
essential amino-acids, like methionine or leucine, with
limited changes in energy intake, would have on energy
wasting. In both cases, energy expenditure was aug-
mented with a rise in BAT UCP1 mRNA, linked to CNS
activation.'’*'% Further studies from Guo’s laboratory
demonstrated that deficiency in other branched-chain
amino acids (valine or isoleucine) exerted effects similar
to those of leucine deprivation on reducing fat mass and
UCP1 induction in BAT.'°® However, specifically in the
study of Hasek et al. about methionine restriction, a clear
increase in epididymal WAT browning was observed as
soon as 2 weeks post diet.'” Although authors suggest
that such effects of amino acid deprivation are probably
central, therefore affecting WAT indirectly, the underly-
ing mechanisms remain to be determined. Nevertheless,
long-lasting deficiencies in essential amino acids cannot
be a therapeutic issue because of the damage they would
probably cause in humans.

In an opposite way, the chronic intake of protein-rich
diets have been tested as weight reducing therapies.'”’
However controversial results have been obtained,
depending on the length of the diet and the animal. For
instance, Klaus’ group observed that the administration
to rats of a high-protein, low-fat diet for 8 weeks, stimu-
lated energy expenditure, oxygen consumption and

UCPI1 in BAT.'® In contrast, the same group reported
that, when given to mice for 12 weeks, a similar high-
protein diet did not affect energy homeostasis and UCP1
expression.'”” Interestingly, a leucine-supplemented diet
had no effect either.' The browning induction of such
diets remain to be investigated.

A special emphasis was put on arginine (ARG) and
citrulline (CIT). In 2005, Wu’s laboratory reported that
dietary ARG supplementation was beneficial to glucose
homeostasis and reduced fat mass in Zucker diabetic
fatty rats.''® Further work from the same group showed
that dietary ARG supplementation provoked muscle
gain, reduced body WAT, improved insulin sensitivity
and markedly increased BAT mass in rats.''' No evi-
dence of ARG-induced increase in UCP1 either in BAT
or in WAT was provided yet."'” The situation is contro-
versial with that observed in mice, in which ARG supple-
mentation did not affect BAT mass.''> Once again here,
rats and mice behave differently and the reasons for such
a discrepancy are not clearly established, although the
possibility that it arises from different thermoneutral
temperatures between rats and mice cannot be ruled
out.*”''* Although controversial effects have been
described concerning ARG effects on muscle perfor-
mance in humans, this amino-acid has become widely
used as a food supplement in athletes.

Like ARG, CIT is also a safe food supplement. CIT is
an amino acid that is not used for protein synthesis. CIT
is an intermediary product in nitric oxide (NO) synthe-
sis, requiring the presence of argininosuccinate synthase
(ASS) and argininosuccinate lyase (ASL) in addition to
NO synthases. In rats and pigs, dietary intake of either
ARG or CIT stimulated muscle protein synthesis.'"
Actually, CIT seemed more efficient than ARG, probably
because of a better absorption in the gut and because it
was shown to escape hepatic uptake, in contrast to
ARG.'""® CIT was thus proposed as a food supplement
during aging and in sports to improve muscle mass and
function.""”''® Based on the initial observation by Cyn-
ober’s laboratory that a diet enriched with CIT for 3
months in old rats provoked an increase in muscle mass
together with a large decrease in intra-abdominal WAT
mass, Moinard and coll. further studied the effect that
such a diet had on muscle metabolism."" To start deci-
phering the mechanisms involved in the WAT-reducing
action of CIT, we used explants of retroperitoneal (RET)
WAT from rats that we maintained in culture under
controlled conditions. A 24h treatment with CIT
markedly induced lipolysis and p-oxidation while it
reduced glyceroneogenesis and FA re-esterification in
explants from control and HFD-fed young rats."*” Simi-
lar data were obtained on RET explants from old rats,
except that B-oxidation remained unaffected by CIT."*!



Further experiments showed that both in RET and peri-
epidymal (EPI) explants, two typical WAT depots, from
young rats, CIT raised UCPlI mRNA and protein
amount.'?* Of peculiar interest was the observation that
WAT from old rats was not responsive.'** The reasons
for this age-related difference is unknown at present.
From these results obtained with explants from young
rats, we can conclude that CIT acts directly on WAT and
relates probably on a « white to beige » transdifferentia-
tion rather than the differentiation of brown precursors.
This browning effect, and the observed increase in lipoly-
sis and B-oxidation, point to CIT as an exquisite agent
that could be used for energy expenditure and fat mass
reduction (Fig. 2).

Metabolic cycling

The observation that mice lacking UCP1 still regulated
their body temperature when they were acclimated to
4°C indicated that other mechanisms were involved in
thermal homeostasis and thus potentially in energy dissi-
pation.'**> One of the proposed mechanisms is metabolic
cycling. Since the influence of metabolic cycling in rela-
tion to energy expenditure as heat in WAT and BAT has
been exhaustively reviewed recently by Flachs et al.,”®
this mechanism is given below in outline only.
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Specifically, we have decided to emphasize the points for
which our opinion differs from that developed in the
above-cited 2013 review article.

The story starts with the pioneering work of Vaughan
and Steinberg demonstrating a general correlation
between the rates of TAG breakdown and re-synthesis in
WAT.'** Some of the FAs produced by lipolysis was re-
esterified back to TAG, establishing the TAG/FA cycle.
As early as in 1976, Newsholme and Crabtree wrote:
“Recently, the role of substrate cycles in heat generation
has attracted considerable attention.”'** The idea is that
heat is generated either directly or indirectly from ATP
hydrolysis. Knowing that for each ATP synthesized and
hydrolyzed, about 18 kcal of heat are produced when the
fuel substrate is triglyceride; it becomes clear that the
TAG/FA cycle can generate heat.

The FA re-esterification process of the TAG/FA cycle
that occurs spontaneously during lipolysis, requires the
presence of glycerol-3P which, under fasting conditions
or epinephrine exposure can barely come from glucose
or from lipolytic glycerol because glucose transport and
glycolysis are strongly reduced and because glycerol
kinase is only weakly expressed in WAT. Under such
conditions, the metabolic pathway involved in glycerol-
3P synthesis is glyceroneogenesis as defined about
45 years ago by Hanson and colleagues as the de novo
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Figure 2. Schematic representation of citrulline effects on rat adipocyte metabolism and on browning. Modifications are represented
with red arrows. Arrow thickness illustrates the intensity of the effects. In response to citrulline (CIT), lipolysis is activated in explants

from rat white adipose tissue, with a rise in the phosphorylation of hormone-sensitive lipase

120 and a drastic decrease in glyceroneogen-

esis and fatty acid re-esterification, leading to increased fatty acid release. CIT also induces the B-oxidative capacity of the cells together
with the uncoupling-protein 1 (UCP1).'2*'?2 The observed up-regulation of mitochondrial transcription factor A gene expression indi-

cates that mitochondriogenesis could occur.'?
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synthesis of glyerol-3P from pyruvate, lactate or amino
acids."?*'?’ Since then, the estimate of FA re-esterifica-
tion was considered to be in direct relation with glycero-
neogenesis, which is evaluated either by tritiated water or
by the incorporation of "*C from [1-'*C]-pyruvate into
TAG. The key enzyme in this process was demonstrated
long ago to be the cytosolic isoform of phosphoenolpyr-
uvate carboxykinase (PEPCK-C)."*® The existence of the
TAG/FA cycle was demonstrated in BAT by News-
holme’s and Migliorini’s laboratories."**'*° It was then
further assessed that, in rat BAT, glyceroneogenesis was
up-regulated by fasting, hyperprotein-fed or cafeteria-fed
diets.'**"?'"'>* Beta-agonists increased TAG/FA cycle in
both BAT and WAT."*'** This pB-agonist effect was
exerted directly in adipocytes and stimulated PEPCK-C
gene transcription and protein expression.'*°

Newsholme’s laboratory originally made the interest-
ing observation that the TAG/FA cycle was activated by
cold-exposure in BAT but not in WAT."*® They con-
cluded that BAT was the more important site of thermo-
genesis in response to cold. However, the cold-induced
WAT browning could be associated with an increase in
FA re-esterification that could have been masked because
of the weak amount of beige cells that differentiate in
WAT, together with the existence of the TAG/FA cycle
in all white adipocytes.

What are the physiological and pharmacological sit-
uations that could stimulate the TAG/FA cycle to poten-
tially favor calorie dissipation? As mentioned above,
fasting is the physiological state of excellence that pro-
motes both lipolysis and FA re-esterification. Part of the
lipolytic FAs are released into the blood and serve as
energy substrates for B-oxidation in demanding tissues.
In WAT, another part of lipolytic FAs are directly 8-oxi-
dized, therefore producing ATP used as energy for adi-
pocytes, including the operation of the TAG/FA cycle.

Fasting and lipolytic situations should induce per se a
reduction in WAT mass. However, obese individuals or
rodents present a chronic elevated level of FAs, at least
because of a mass effect and probably also as a result of
the insulin-resistant state frequently observed in this
pathophysiological state.””” To reduce WAT mass, it
would then be beneficial to stimulate lipolysis and to
reduce FA re-esterification, resulting in an overall
shrinkage of the adipocyte TAG droplets. On the one
hand, any decrease in FA re-esterification would acceler-
ate the emptying of excess TAG. On the other hand, any
increase in FA re-esterification would slow-down the
process of overall lipolysis. The hypothesis developped
by Flachs et al. is that such a stimulation of the TAG/FA
cycle would be made possible because of the concommi-
tent induction of B-oxidation that would provide the
required ATP.”®

Thiazolidinediones (TZDs) are the most potent
inducers of glyceroneogenesis, FA re-esterification and
PEPCK induction in WAT."**'*! These drugs also aug-
mented the acyl-CoA dehydrogenase activity in mouse
WAT independent of PPAR-«, suggesting that S-oxida-
tion was upregulated.'** Hence, TZD treatment lowers
circulating FA levels and ameliorates glucose utilization.
However, the lack of decrease in adiposity in TZD-
treated animals or humans is in contradiction with the
simple hypothesis that targeting the TAG/FA cycle
would favor calorie dissipation. In addition, transgenic
mice with a selective overexpression of PEPCK-C in adi-
pose tissue became obese, showing that the overproduc-
tion of PEPCK-C, together with its deregulated
expression due, in this study, to the strong FABP4 gene
promoter, favored fat mass development.'*> Another
argument against the involvement of the TAG/FA cycle
in energy dissipation comes from the effects of glucocor-
ticoids: these hormones induced lipolysis and reduced
PEPCK-C gene transcription in WAT, thus favoring FA
release, although they induced weight gain,'>>'>*!%*

We earlier demonstrated that the regulation of adipo-
cyte PEPCK-C expression and glyceroneogenesis was a
key type-2 diabetes mellitus (T2DM) target and that the
stimulation of this pathway by TZDs induced a reduc-
tion of circulating diabetogenic FAs."**'*>'*® In contrast,
glucocorticoids reduce PEPCK-C and favor insulin-resis-
tance (see above). The cataplerotic action of PEPCK-C
could also be a mechanism by which excess FAs are re-
used for TAG synthesis, thus reducing their involvement
in the development of an insulin-resistance
state.'*>'*71%% Tt can be speculated that increased TCA
cycle intermediate concentrations would result in the
reduction of tricarboxylic acid (TCA) cycling, fatty acid
oxidation and mitochondrial red-ox state.'*” The impor-
tance of PEPCK-C and glyceroneogenesis in T2DM
found confirmation in a recent Claussnitzer manu-
script’s."*’ In the same vein, we showed that polyunsatu-
rated long-chain FAs were strong inducers of PEPCK-C
gene expression in rodent and human WAT as well as in
cultured adipocytes."*"'** For the same reasons as
depicted above, the omega-3 stimulation of the TAG/FA
cycle is probably not at the origin of weight loss. The
demonstration that Omega-3 FAs induced p-oxidation
in WAT and in cultured adipocytes of the 3T3-L1 line
could be the alternative mechanism by which these FAs
augmented energy expenditure and protected against
accumulation of body fat independent of UCP1 and
cold-induced thermogenesis.”®

As mentioned above, CIT stimulated lipolysis and FA
p-oxidation while reducing glyceroneogenesis and
PEPCK-C in WAT explants whether rats were either fed
a standard or a high-fat diet (Fig. 2)."° These



observations are in line with the TAG-lowering action of
CIT in WAT but, in that case, the absence of PEPCK-
linked cataplerosis might be compensated by an increase
in «a-ketoglutarate efflux for generating glutamate,
although this hypothesis requires further investigation.

In the absence of UCP1, other sources of energy dissi-
pation mechanisms were proposed to be either the G3P
shuttle or Ca** cycling."”>">* The G3P shuttle is proba-
bly not involved because mice with deletions both in the
mitochondrial glycerol-3-P dehydrogenase and UCP1
genes can still had increased energy expenditure thus
suggesting the existence of other thermogenic mecha-
nisms.'>* The Ca®* cycling hypothesis is still faint and
requires further work for clarification. More recently,
using quantitative proteomics, Kazak et al. identified
components of arginine-dependent creatine and proline
metabolism that were reproducibly enriched in beige AT
mitochondria relative to BAT.">* It is known for long
that in rat BAT, the activity levels of creatine kinase is
stimulated by cold acclimation, a situation that should
result in an augmentation of creatine levels. Several
reports indicated that the pharmacological reduction of
the intracellular levels of creatine and phosphocreatine
using {3- guanidinopropionic acid (3-GPA) in many tis-
sues induced weight reduction.'” Kazak et al. used a
much lower dose of 3-GPA that, when administered
intraperitonally to mice during cold exposure for 4 days,
affected neither body weight nor fat-pad weight, when
compared to cold exposure alone."”* They showed that
B3-GPA opposed the S-adrenergic stimulation of thermo-
genesis. These data plus a series of other arguments con-
ducted the authors to propose that a futile cycle of
creatine metabolism participated in energy expenditure
and thermal homeostasis. If it were so, it would be of
great interest to depict inducers of this pathway that
could be safely given to individuals for stimulating their
calorie expenditure and weight loss. However, i) the
manipulation of this metabolic pathway with drugs
appears to be complex and ii) long-term treatment with
high doses of 3-GPA results in weight loss while lower
doses of the same drug has no weight effect.'>*

Taken together, these data indicate that the external
control of the above-described metabolic cycles could be
of interest but it appears that their manipulation have
not been yet proven to favor sufficient energy dissipation
for allowing any loss of WAT mass.

Conclusions

A series of extracellular effectors have proven beneficial
for UCP1 induction in WAT, hence potentially impor-
tant for energy dissipation and fat mass reduction,
although the link between the two is almost neither
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directly investigated. On a practical viewpoint, a large
number of these agents could have pleiotropic effects
and provoke health problem, at least if administered on
a long-term basis. Others, like melatonin, carotenoids,
resveratrol, curcumin or ginsenosid can be currently
taken without known side effects. In addition to these
nutriments, ARG or CIT are already used as dietary sup-
plement, especially in sport, against fatigue and were
shown to reduce fat mass, at least in rodents. When
administered to humans, ARG is metabolized in large
proportion in the liver whereas CIT crosses the splanch-
nic area and is fully available for other tissues. CIT could
thus be the adequate amino acid for the induction of
WAT browning and energy expenditure, with the ability
to reducing fat mass in addition to its well-known posi-
tive effect on muscle mass.

Abbreviations

A2aR adenosine 2a receptors

ANP atrial natriuretic peptide
ARG L-arginine

BAIBA B -aminoisobutyric acid
B-GPA B-guanidinopropionic acid
BAT brown adipose tissue

BMP bone morphogenic protein

CIT L-citrulline

CLA conjugated trans-10, cis-12 fatty acid

Cidea cell death activator-A

Ebf2 early B cell factor-2

EPI peri-epididymal

FA fatty acids

FGF21 fibroblast growth factor 21

GDF growth and differentiation factor

GLP1 glucagon-like peptide 1

HFD high-fat diet

IL interleukin

KLF kruppel-like factor

MR mineralocorticoid receptor

PG prostaglandin

PEPCK-C cytosolic phosphoenolpyruvate carboxykinase

PGC-la  peroxisome proliferator-activated receptor
gamma co-activator lo

PPAR peroxisome proliferator-activated receptor

PPRE PPAR element

RET retroperitoneal

T2DM type-2 diabetes mellitus

T3 triiodothyronine

TCA tricarboxylic acid

TAG triacylglycerol

TGF transforming growth factor

TZD thiazolidinediones
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UCP1
WAT

uncoupling protein 1
white adipose tissue
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