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Physiologically-induced adipocyte browning
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Summary

Keywords:

The data consistently suggests that expansion and activation of beige/brite adipose tissue may
possibly serve as a novel cure for obesity and obesity-related complications. Interestingly, besi-
des well-known agents affecting adipocyte transformation, such as cold-induced sympathetic
stimulation, the vast majority of biological systems (e.g. cardiovascular, endocrine, immune,
musculoskeletal and central nervous system) also play a role in an adipose tissue modelling and
maintaining energy homeostasis. Therefore, we decided to describe in detail the browning of
the adipose tissue with a wide range of physiological factors associated with this process and
to present the significant distinctions between “classical” brown and beige/brite adipocytes.

Here, we review the current state of knowledge about browning phenomenon with regard to
obesity prevention and/or management.
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INTRODUCTION

Worldwide, there has been a dramatic increase in the
prevalence of obesity and overweight in the last deca-
des. According to World Health Organization (WHO), the
number of people suffering from obesity has more than
doubled since 1980 and exceeded 600 million of adults
in 2014 [70]. Therefore, numerous studies have focused
on analyzing the metabolic properties of adipose tissue,
in order to combat obesity and obesity-related diseases,
such as diabetes type 2, hypertension and dyslipidemia.

Human adipose tissue consists of two anatomically and
functionally distinct types, white and brown adipocytes.
White adipose tissue (WAT) is involved in energy storage
and endocrine function, whereas brown adipose tissue
(BAT) dissipates energy, generates heat and plays a role
in the secretion of particular adipokines (also known as
“batokines”) [31,67]. Brown adipocytes also have been
shown to appear in white fat depots and these adipocy-
tes are often called beige, or brite (brown-in-white) fat
cells.
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The aim of this paper was to characterize beige adipocy-
tes and the adipocyte browning process, and to review
the physiological factors activating or inhibiting the
browning phenomenon. In addition, we focused on the
beneficial effects of the browning process on adiposity,
hyperlipidaemia, insulin resistance and vascular dise-
ases.

COMPARISON OF VARIOUS ADIPOSE TISSUE TYPES

White adipose tissue vs brown adipose tissue

Traditionally, adipose tissue is divided into white adi-
pose tissue (WAT) and brown adipose tissue (BAT). Adi-
pocytes containing one large lipid droplet and only a
narrow hem of cytoplasm (unilocular morphology) are
known as white, whereas fat cells, which are abundant in
mitochondria and consist of numerous, but smaller lipid
droplets (multilocular morphology) are named brown
fat cells [59,71]. Almost ten years ago, an emerging
type of adipocytes was distinguished and determined
as beige/brite (brown-in-white) fat cells (also known as
brown-like, inducible brown, recruitable brown or white
adipose brown adipocytes) [28,29]. Beige fat cell clusters
appear among WAT depots in response to various sti-
muli, such as cold exposure or chronic f3-adrenergic sti-
mulation [42,58] and are derived from undifferentiated
progenitor cells or mature white adipocytes [40,59,64]
(read more in sections: Adipocyte browning and Brow-
ning activators). This recently isolated type of adipose
tissue is acknowledged as a subtype of BAT, which differs
from “classical” brown and white adipocytes.

Although all adipocytes are innervated by sensory and
sympathetic nerves [3], the density of nerve fibers is
not identical within the different types of adipose tis-
sue. WAT is significantly less innervated than beige and
“classical” BAT [29,71]. Moreover, WAT depots contain
cells that are not equally supplied with nerve fibers and
this fact may possibly determine whether an adipocyte
is able to undergo the process of browning triggered,
among others, by sympathetic drive [3,59].

In addition, there is a remarkable difference in the func-
tion of various adipose tissue types. Depending on the
body’s demands, white adipose tissue acts as a potent
buffer maintaining constant level of fatty acids in the
circulation by storing lipids in the form of triglycerides
and esterified form of cholesterol, and also releasing free
fatty acids [48,65], whereas the main function of beige
and “classical” BAT is non-shivering thermogenesis,
a process that counteracts the reduction of core body
temperature in response to cold exposure. Both brown
and beige fat cells contain a large number of mitochon-
dria that express high levels of thermogenic proteins,
such as uncoupling protein 1 (UCP1) [9,60,71]. UCP1
increases inner membrane permeability in mitochon-
dria and allows for the dissipation of electrochemical
gradient in the form of generated heat via proton leak.

Additionally, all three types of fat cells (WAT, BAT and
beige adipocytes) may serve as an active endocrine tis-
sue [28,31] and play an important role in the insula-
tion of internal organs [48]. Interestingly, the presented
types of adipocytes have different origins, which is pre-
cisely described below (section: Browning process).

Beige/brite adipose tissue vs ,classical” brown
adipose tissue

Both “classical” brown and beige adipocytes are charac-
terized by multilocular morphology, high mitochondrial
content and alike oxidative control [1,63]. In addition,
the two types of BAT show overlapping gene expression
patterns and a few common gene-related hallmarks [58].
Both tissues express UCP1, cell death-inducing DFFA-
-like effector A (CIDE-A), peroxisome proliferator-acti-
vated receptor y coactivator-1-a (PGC1a) and other BAT
markers [28,50]. The hallmarks specific only to the beige
adipocytes include the following: tumor necrosis factor
receptor superfamily member 9 (TNFRSF 9, also reco-
gnized as a CD 137), T-Box 1 (Tbx1) and Transmembrane
Protein 26 (Tmem?26) [58,59,72], whereas LIM homeobox
8 (LHX8) and in particular Zic family member 1 (ZIC1)
expression are characteristic for “classical” BAT [31,42].

Importantly, it has been reported that in contrast to
“classical” BAT, beige adipose tissue thermogenic pro-
file is not only inducible, but also reversible [28,59]. In
the basal state, the concentration of UCP1 in beige adi-
pose tissue and uncoupled respiration rate are signifi-
cantly lower than in “classical” brown fat [72]. Amounts
of UCP1 become comparable between the tissues only in
maximal response to various thermogenic stimuli [28],
which are described later in this paper (section: Brow-
ning activators). Furthermore, in the presence of
3’,5-cyclic adenosine monophosphate (cAMP) in condi-
tioned medium uncoupled respiration in murine beige
adipocytes equals or even exceeds the uncoupled respi-
ration rate of “classical” BAT [72]. This observation sug-
gests that both types of BAT have similar thermogenic
capacities and uncoupled respiration in beige fat cells
is more cAMP-responsive than in “classical” BAT [28,72].
Nevertheless, the maximal rate of respiration is signifi-
cantly higher in “classical” BAT-derived mitochondria as
compared with beige-derived ones, indicating that the
classical BAT still predominates in thermogenesis [63].

As the beige adipocytes stimulation is completed,
their morphology and gene expression profile chan-
ges. Murine in vitro experiments showed that the for-
mer beige fat cells are re-converted and start to imitate
white adipocytes (read more in section: Browning pro-
cess) with inhibited thermogenic activity [59]. Thus,
constant sympathetic stimulation is essential to main-
tain beige adipocyte phenotype and thermogenic func-
tion [16].

Another aspect that needs to be highlighted refers to the
distinct localization of various BAT types. Recent studies
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of murine models have documented that beige adipocy-
tes are predominantly found in subcutaneous inguinal
and retroperitoneal fat depots [24,28,58] and are hardly
detectable in perigonadal and epidydimal fat [24,58].
Taking into consideration that human BAT is compo-
sed of fat cells, which are much more similar to beige
than “classical” brown fat cells in mice [59,72], suprac-
lavicular fat is mainly acknowledged as the beige adi-
pose tissue depot in humans [31], while interscapular,
perirenal and cervical regions are recognized as “clas-
sical” BAT depots [31,42]. In addition, beige adipocytes
content decreases in favour of classical brown fat cells as
one moves deeper within the neck and back [58].

However, in response to various specific stimuli, beige
adipocytes can emerge within most WAT depots [28],
particularly in subcutaneous adipose tissue, which is
highly prone to browning [72].

BROWNING PROCESS

Various types of adipose tissue originate from distinct
cell lineages. “Classical” brown adipocytes, as well as
myocytes, arise from mesodermal precursors in dermo-
myotome, which transiently express specific transcrip-
tion factors: myogenic factor 5 (MYF5) and paired box
7 (PAX7) [29,40,42]. Beige and white fat cells originate
from a MYF5-PAX7- [29,40] cellular lineage (residing
in adipose tissue vascular surroundings and endothe-
lium) [42,64], which, in turn, are characterized by the
expression of platelet derived growth factor receptor
o (PDGFRa) and early B-cell factor 2 (EBF2) [1,28,64].
In addition, apart from specific bi-potential progenitor
cell-mediated biogenesis, beige fat cells can arise from
mature white adipocytes through a direct interconver-
sion called transdifferentiation [59].

Hence, an adipocyte browning process (also known as
beiging or britening) is a phenomenon of undifferen-
tiated precursor cells or already existing white fat cells
acquiring beige adipose tissue phenotype. During the
course of browning, morphological changes precede the
onset of UCP1 expression in vivid mice [59]. As soon as
beiging process starts, adipose tissue undergoes a dyna-
mic remodelling, which manifests in expanded capilla-
rization and tyrosine hydroxylase-positive nerve fibers
innervation [31].

Adipocyte browning process is partially driven by proge-
sterone receptor domain-containing 16 (PRDM16) [1,28],
a transcription factor known as a “key driver of brown
fat cell fate” [28], mainly involved in the up-regulation of
certain BAT-specific genes, such as UCP1, PGC1la, CIDE-
-A and the others, as demonstrated by in vivo and in vitro
murine studies [62]. In addition, the integral mechanism
provoking the entire browning is mitochondrial bioge-
nesis, a process activated by PGC1a, nuclear respiratory
factors 1 and 2 (NRF1 and NRF2, respectively) and mito-
chondrial transcription factor A (TFAM) [1].

Interestingly, murine in vivo and in vitro studies reve-
aled that the transdifferentiation of white adipocytes
into the beige ones is reversible and the opposite whi-
tening process may also occur [28,31,59]. One of the
mechanisms required for beige-to-white conversion is
mitophagy (mitochondria-selective autophagy), which
is presumably mediated by UCP1 or PTEN-induced puta-
tive kinase 1 (PINK1)-Parkin pathway and inhibited by
protein kinase A (PKA) [1]. The negative influence of PKA
on mitophagy is also consistent with previous results
from in vitro murine experiments, in which termination
of B3-adrenergic signalling with subsequent decline in
PKA activity facilitated beige adipocytes to regain white
adipocyte phenotype [31,59].

After being whitened, beige fat cells are not directly
apoptotically removed, but function as white adipocy-
tes until their normal depletion due to the tissue tur-
nover, and may undergo re-browning process once
again [28,31,59]. Browning and whitening of adipocytes
are recurring processes.

BROWNING ACTIVATORS

As mentioned before, beige adipose tissue can emerge
only in response to certain inducers. Apart from well-
-known cold and/or sympathetic stimulation, there is a
wide range of factors activating the browning process.
This paper presents only endogenous activators that can
act under physiological conditions, excluding, for exam-
ple, nutrients or other exogenous factors/compounds
that may influence the browning process. Unless other-
wise noted, all data included in this section (Browning
activators) was obtained on the basis of numerous in vivo
murine studies.

COLD EXPOSURE

Sympathetic nervous system activity

As peripheral thermoreceptors sense a significant dec-
line in environmental temperature, this information is
instantly relayed through thin A3 nerve fibers to the
thermoregulatory region of central nervous system
(CNS). Following cold exposure, the posterior compo-
nent of hypothalamus is activated. This, in turn, leads
to an increase in sympathetic nervous system (SNS)
drive and vasoconstriction in order to maintain con-
stant core body temperature [49]. Since fatty tissue rece-
ives sympathetic innervation [3], stimulation of adipose
B3-receptors is also present. As a result, intracellular
concentration of cAMP and PKA activity are elevated [6].
Finally, adipocytes undergo a browning process with
augmented UCP1 and PGCla expression and energy
expenditure [28,29,49].

Immune system

Recently, it has been shown that some of the immune
cells (eosinophils, group 2 innate lymphoid cells (ILC2),
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M2 macrophages and mast cells) may induce beige fat
biogenesis and limit obesity [9,23,29].

For example, Meteorin-like protein (Metrnl), as a circu-
lating factor induced in adipose tissue upon cold expo-
sure, enhances the production of eosinophil-derived Th2
cytokines (IL-4 and IL-13) [29,54]. This, in turn, activa-
tes anti-inflammatory M2 macrophages and facilitates
their accumulation in fat depots [29,40,54]. As shown in
murine in vivo studies and experiments in vitro on pri-
mary human monocytes, so induced macrophages inten-
sify the expression of their enzymes, which are relevant
to the catecholamine biosynthesis, including the most
crucial: tyrosine hydroxylase (TH) [29,40,49]. Produced
catecholamines promote adipocyte browning through
p3-adrenergic receptor activation. Additionally, these
processes could be enhanced by cold-induced adiponec-
tin, as it multiplies M2 macrophages proliferation and
expression of UCP1, which has been proven by murine
in vitro reasearch [29].

Group 2 innate lymphoid cells (ILC2) are responsible for
adipocyte britening in two ways. Firstly, they produce
a specific set of interleukins (IL-5, IL-13) initiating type
2 immune responses [29,31,40], which lead to an alter-
native activation of M2 macrophages with the conse-
quences illustrated above. Secondly, ILC2 are capable
of autonomous browning of murine adipose tissue in
vitro and in vivo [9,29]. In this case, the main mediators
are methionine-enkephalin (MetEnk) peptides, which
enhance UCP1 expression, acting directly on adipocy-
tes [9,29,31]. Both actions of ILC2, together with their
activation and accumulation within WAT, are induced
by thymic stromal lymphopoietin (TSLP), IL-25 [40] and
IL-33 [9,31,40].

Another pathway triggering browning, common for
activated eosinophils and induced ILC2, involves IL-13
(produced by both, eosinophils and ILC2) and eosino-
phil-derived IL-4. These cytokines stimulate signal-
ling via the IL-4Ra in PDGFRa+ bipotential adipocyte
precursors potentiating adipocyte browning by them-
selves [29,31,40] or when the other triggering factor
occurs.

Eventually, an in vitro murine study confirmed that
mast cells also participate in the browning process due
to cold-induced degranulation, when their secretions
(histamine and IL-4) boost UCP1 expression [23].

Fibroblast growth factor 21

Fibroblast growth factor 21 (FGF21), a hormone pro-
duced within fat depots or by the liver [24,28,33], is
acknowledged as another meaningful adipose tissue
browning activator. The biosynthesis of FGF21 is eleva-
ted upon cold, p3-stimulation or suckling [24,28,41]. A
key function of this protein is significant surge of PGCla
concentration, which, in turn, promotes mitochondrial
biogenesis [1] and adipocyte browning [24]. In addi-

tion, FGF21 may also contribute to the increase in other
compounds indicative of the browning process, such as
UCP1. The action of FGF21 is mediated by a subset of cell
surface FGF receptors (FGFRs), which are classical tyro-
sine kinases that require p-klotho co-receptor to form
an active complex FGF21-B-klotho-FGFR [24].

Follistatin

Although follistatin (FST) is commonly recognized as
an elemental follicle-stimulating hormone (FSH) inhi-
bitor, it is also involved in cell differentiation, including
cold-induced adipocyte britening [8]. In vivo and in vitro
murine studies revealed that the paracrine action of adi-
pose-derived FST is mediated by p38 mitogen-activated
protein kinase (MAPK)/ERK1/2 signalling and manife-
sts in increased expression of “classical” and beige BAT
hallmarks, such as UCP1, PGCla, PRDM 16, CIDE-A and
CD137 [8,66]. In addition, FST facilitates adipocyte bri-
tening by counteracting transforming growth factor
(TGFP) pathway, which is dominant inhibitor of britening
phenomenon. Furthermore, FST may act synergistically
with other adipocyte britening triggers, for example, by
sensitizing fat cells to p3-adrenergic stimulation [66].

Natriuretic peptides

Recent in vivo murine and in vitro human studies have
brought evidence that cardiac hormones, ANP (atrial
natriuretic peptide) and BNP (B-type natriuretic pep-
tide), are involved in the stimulation of adipocyte brow-
ning, and their concentration also elevates upon cold
exposure [6,28]. Their function resembles SNS stimula-
tion, as they act directly on fat cells and lead to pho-
sphorylation of identical intracellular enzymes, such as
p38a mitogen-activated protein kinase (MAPK). Howe-
ver, as opposed to SNS activation, a second messenger
produced in response to natriuretic peptides (NPs) is
cyclic guanosine monophosphate (cGMP), which activa-
tes protein kinase G (PKG). Nevertheless, SNS activation
and NPs exert an additive effect on adipocyte brow-
ning [6]. Besides p38a MAPK activation, NPs contribute
to the accumulation of PGCla. Taken together, these
molecular changes provoke increased UCP1 expression
and energy expenditure, as well as mitochondriogenesis.

Notably, the browning process can also be influenced by
genetic variations of NPs receptors. Available evidence,
based on in vivo and in vitro murine experiments, indi-
cates that up-regulated natriuretic peptide receptor A
(NPRA) promotes adipocyte browning, whereas the acti-
vation of natriuretic peptide receptor C (NPRC) exerts
inhibitory effect, as it serves as a clearance receptor,
reducing NPs plasma concentration [6].

Thyroid hormones
Thyroid hormones (THs), thyroxine (T4) and biolo-

gically active triiodothyronine (T3), are well-known
agents induced by cold exposure. Their increased secre-
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tion is one of the most important mechanisms activated
in non-shivering thermogenesis. THs evoke calorigenic
effect via up-regulation of Na*/K*-ATPase activity and
they strongly participate in adipocyte browning pro-
cess. Murine in vivo and in vitro studies, as well as in vitro
experiments on human multipotent adipose-derived
stem cells (hMADS), collectively indicate that T3, acting
directly on nuclear thyroid hormone response elements
(TREs) via thyroid hormone receptor § (TRp), regulates
expression of browning-associated genes [39,45,50]. In
response to T3, augmented expression of CCAAT/enhan-
cer binding protein (C/EBP-«), CIDE-A, NRF1, PGCla and
UCP1 is observed [39,44]. As a result, mitochondrioge-
nesis with concomitant enhanced energy expenditure
occurs. In addition, the elevated content of mitochon-
drial carnitine palmitoyltransferase-1b (CPT-1b) incre-
ases the ability to oxidise free fatty acids (FFA), leading
to increased oxidative capacity [39].

Concentration of THs is precisely regulated by three
different types of iodothyronine deiodinases (D101,
DIO2 and DIO3), enzymes able to convert T4 into T3
or reverse T3 (rT3). With respect to adipocyte brow-
ning, experiments on hMADS and rats (in vivo) pre-
sent the crucial role of adipose D102, which elevates
intracellular T3 level [39,50]. Overexpression of DIO2
may be induced following cold exposure, additionally
increasing T3 concentration [39]. Interestingly, D102
activity could also be augmented in a cAMP-depen-
dent manner via Takeda G-protein-coupled receptor
5 (TGR 5) directly by bile acids (in murine and human
cell cultures) [69] or indirectly through activation of
intestinal farnesoid X receptor (in mice experiments
in vivo) [22].

Considering that thyroid hormones display multiple
pleiotropic effects, their influence on other browning
activators should not be surprising. In a study of hypo-
thyroid patients long-lasting decreased function of the
thyroid gland coexisted with lowered plasma irisin con-
centration; however, no correlations between irisin and
fT3 or fT4 levels were found [78]. The explanation of
this phenomenon is most likely associated with inverse
relationship, observed in hypothyroidism, between cre-
atine kinase (CK; a marker of muscle damage) and iri-
sin, a potent browning activator produced by both
muscles and adipose tissue (read more in the chapter:
Irisin). Chronic deficiency of THs leads to muscle degra-
dation with increased CK levels and lowered plasma iri-
sin [7,78].

Taken together, T3 and indirectly T4 contribute to the
promotion of adipocyte browning and related systemic
changes, such as elevated body temperature, insulin
sensitivity and weight loss [44].

Vascular endothelial growth factor A

Adipocyte-derived vascular endothelial growth factor
A (VEGF-A) is the next cold-inducible agent, which pro-

motes fat cells browning [28,31,52]. VEGF-A may direc-
tly induce browning of WAT, but the precise mechanism
is not fully understood [52]. On the other hand, VEGF-A
serves as an angiogenic factor promoting blood vessel
expansion and branching within BAT. Cold exposure sti-
mulates VEGF-A production, which, in turn, through the
VEGF-R2 signalling pathway, evokes angiogenesis that is
essential for browning [28,31,52].

Although each of the mentioned above factors may func-
tion as an independent trigger for adipocyte browning,
the vast majority of them usually work under physio-
logical conditions as downstream mechanisms of cold
stimulation; therefore, all of them were described with
respect to the effects of cold exposure.

Simplified mechanisms of action for all presented cold-
-induced browning activators and its mutual relation-
ships are presented in Fig. 1.

EXERCISE

Irisin

One of the most crucial exercise-induced adipocyte brow-
ning activators is irisin, a novel adipo-myokine [53,57]
formed by proteolytic cleavage of C-terminal frag-
ment of a membrane protein called fibronectin type I1I
domain-containing protein 5 (FNDC5) [7,72]. Based on
recent in vivo and in vitro murine studies, exercise sti-
mulates an increase in the expression of PGClq, a pivo-
tal irisin stimulator. This, in turn, elevates irisin plasma
concentration [7,53]. Detailed mechanism of irisin indu-
cing an effect on the browning process is still under
investigation. Some reports indicate that its action is
partially mediated by an enhanced peroxisome proli-
ferator-activated receptor a (PPARa) expression and
manifests in multiplication in UCP1 and PRDM16 bio-
synthesis [7,72].

Secretion of irisin is also indirectly up-regulated in
response to cold exposure in humans [41]. When body
temperature decreases, a few preventive mechanisms are
activated, including the most efficacious shivering ther-
mogenesis. As a result of rapid and frequent muscle con-
tractions, irisin plasma concentration rises significantly.

Although there is no doubt that irisin participates in
murine browning process, not all reports regarding
irisin presence and its role in humans are consistent.
Working in vitro on human FNDC35 gene encoding the
precursor for irisin, Raschke and co-workers have found
that in humans no or very low translation of FNDC5
mRNA into precursor protein occurs [55]. They conclu-
ded that FNDC5 gene appears to be a transcribed pseu-
dogene with low translation efficiency, which explains
the small release of irisin from the primary human
myotubes. Moreover, they observed no effect of recom-
binant FNDC5 and irisin on the britening of primary
human adipocytes.
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Fig. 1. Downstream mechanisms of cold-induced adipocyte browning (precise description in the text above);

ANP — atrial natriuretic peptide, BNP — B-type natriuretic peptide, C/EBP-a — CCAAT/enhancer binding protein, CD 137 — tumor necrosis factor receptor superfamily
member 9, CIDE-A — cell death-inducing DFFA-like effector A, DIO2 — type 2 iodothyronine deiodinase, E — epinephrine, FGF21 — fibroblast growth factor 21,

FST —follistatin, IL-4 — interleukin-4, IL-13 — interleukin-13, METRNL — Meteorin-like protein, NE — norepinephrine, NRF1 — nuclear respiratory factor 1, PGC1a

— peroxisome proliferator-activated receptor y coactivator-1-a, PRDM16 — progesterone receptor domain—containing 16, SNS — sympathetic nervous system, T3 —
triiodothyronine, T4 — thyroxine, TH — tyrosine hydroxylase, UCPT — uncoupling protein 1, VEGF-A — vascular endothelial growth factor A

Apelin

The next sample of exercise-induced adipocyte beiging
refers to adipose tissue derived hormone, apelin, which
may also increase in response to cold exposure [67].
Activated apelin receptors (APJ receptors) simultane-
ously induce PI3K/Akt and AMPK pathways in human
and murine brown preadipocytes, leading to augmen-
ted expression of UCP1, PGCla, PRDM 16 and other
BAT-related genes. Apelin also stimulates metabolic
activity of adipocytes. The observed intensification of
mitochondriogenesis and increased energy expendi-
ture are all indicative of completed adipocyte beiging.
In addition, apelin is believed to counteract the inhi-
bitory effect of tumor necrosis factor alpha (TNFa) on
adipocyte beiging in murine cell cultures (read more in
section: Browning inhibitors).

Interleukin-6

It has been demonstrated that interleukin-6 (IL-6) rele-
ased by contracting muscles may promote the exercise-
-associated adipocyte browning process. As shown in
murine studies, exercise induces large quantities of

IL-6, which are required for the increased expression
of UCP1 mRNA in WAT; however, the precise mecha-
nism of this effect remains unknown [36]. It is sugge-
sted that UCP1 biosynthesis may be partially driven
by the activation of signal transducer and activator of
transcription 3 (STAT3).

Exercise metabolites

B-aminoisobutyric acid (BAIBA), p-hydroxybutyrate
and lactate, as intermediate metabolites of physi-
cal activity, may positively influence adipocyte brite-
ning [12,21,56].

Recently, it has been shown that B-hydroxybutyrate
and lactate up-regulate UCP1 and CIDE-A in murine and
human adipose cell cultures, as well as in mice in vivo [12].
The action of these metabolites reflects their ability to
change cellular oxidation/reduction potential and UCP1
biosynthesis. Induced by both, p-hydroxybutyrate and
lactate, britening of murine adipocytes in vitro requires
an active peroxisome proliferator-activated receptor y
(PPARY) signalling and is PPARa-independent process.
According to the current in vitro murine studies, the
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functioning of B-hydroxybutyrate and lactate is stric-
tly regulated by adipose monocarboxylate transporters
(MCTs), which participate in p-hydroxybutyrate and lac-
tate transmembrane transfer. Interestingly, apart from
exercise, cold exposure also contributes to increased
MCTs expression and plasma lactate increment, obse-
rved in vivid mice.

The action of BAIBA (investigated with the use of in vivo
and in vitro murine models, and human adipose tissue in
vitro examination) approximates to p-hydroxybutyrate
and lactate activity, as it manifests in UCP1 and CIDE-
-A overexpression [56]. However, there is a signifi-
cant difference concerning signal transduction. While
B-hydroxybutyrate and lactate use PPARy pathway, the
action of BAIBA is mediated by PPARa signalling. In addi-
tion, exercise-enhanced PGC1a regulates BAIBA genera-
tion, which additionally stimulates PGC1a biosynthesis,
thereby creating a positive loop.

Exercise induces also browning-associated immune sys-
tem pathways. Beyond cold exposure, physical activity
contributes to Meteorin-like (METRNL) concentration
surge, which was precisely described in animal in vitro
and human in vivo studies [29,54]. METRNL, in turn, sti-
mulates adipocyte browning process, triggering the
release of interleukins (IL-4, IL-13) from eosinophils and
indirectly macrophages-derived catecholamines.

Finally, follistatin is recognized as a factor promoting
adipocyte beiging as a result of exercise and its plasma
levels in humans and mice in vivo positively correlate
with both duration and intensity of physical effort [27].

OTHER ACTIVATORS

Adrenomedullin 2

Adrenomedullin 2 (ADM2) is a hormone primarily reco-
gnized as a cardiovascular protective factor and its
direct action can be mediated via a variety of signalling
pathways [47,77]. As soon as ADM2 binds to calcitonin
receptor-like receptor (CRLR), it forms specific compo-
sites with receptor activity-modifying proteins (RAMPs).
Regarding in vitro studies on primary rat adipocytes,
CRLR-RAMP1 complex promotes adipocyte browning,
inducing PKA and p38a MAPK [47]. On the other hand,
ADM2 may also exert its browning effect through AMPK
phosporylation [77]. Taken together, activated intracel-
lular kinases contribute to elevated UCP1, PGCla and
PRDM 16 expression and energy expenditure, all indi-
cative of browning phenomenon [47,77]. Similar results
were also observed in studies on primary human adipo-
cytes and mice in vivo [47].

In addition, according to murine in vivo studies, ADM2
may affect immune system mechanisms stimulating M2
macrophages proliferation with concomitant catechola-
mines synthesis and adipose tissue browning [47].

Bone morphogenetic proteins 4 and 7

Recent in vitro studies have shown that bone morphoge-
netic proteins 4 and 7 (BMP4 and BMP7) affect human
undifferentiated adipocyte progenitors [20]. In response
to BMP 4 and BMP7 activation of SMAD1/5/8 signalling
occurs, leading to uncompleted adipose tissue browning,
characterized by elevated UCP1 expression with no other
hallmarks of britening, such as significantly increased
mitochondrial content or basal respiration rate. Further-
more, there are also gaps in browning-associated genes
expression profile, as PGCla, NRF1 and TFAM are not sti-
mulated. Nevertheless, both proteins (BMP4 and BMP?7)
should be considered as browning activators, as they may
synergistically induce other browning stimulators.

Farnesoid X receptor

Farnesoid X receptor (FXR) is one of the most fre-
quently investigated bile acid activated receptors.
Administration of FXR agonist (fexaramine) to mice
stimulates the mechanisms of adipocyte browning dri-
ven by FXR [22]. Among various downstream targets of
FXR, fibroblast growth factor 15 (FGF 15) is the crucial
one in this phenomenon. FGF 15 triggers a remarkable
reduction of bile acids pool and simultaneously contri-
butes to a relative increase of chenodeoxycholic acid
derivatives, such as litocholic acid. It is assumed that
this alteration enables adipocyte browning and three
involved mechanisms have been described so far.

Firstly, adipocyte browning process is stimulated by the
up-regulation of f3-adrenergic receptor gene expres-
sion and an increase in blood catecholamines (read
more in section: Browning activators; chapters: Sympa-
thetic nervous system activity and Immune system) [22].
Secondly, a decline in inflammatory cytokines that inhi-
bit the process of browning (e.g. tumor necrosis fac-
tor alpha, TNFa), plays a role in FXR-related adipocyte
britening (read more in section: Browning inhibitors;
chapter: Obesity). Finally, the overexpression of DI02
mediated by TGR5 results in the elevation of T3 and
induction of adipocyte browning process (read more in
section: Browning activators; chapter: Thyroid hormo-
nes) [22,69]. Taken together, the activation of distinct
FXR-dependent pathways eventually leads to augmen-
ted UCP1 and PGC1la expression, both indicative of adi-
pocyte browning [22].

In addition, recent murine research carried out with
BAR502, a mutual agonist of FXR and TGR5, also confir-
med the browning effect of bile acids; however, the exact
mechanism remains to be fully elucidated [11].

Lysine-specific demethylase 1

Lysine-specific demethylase 1 (LSD1) is a flavin adenine
dinucleotide-dependent enzyme, which controls the
adipocyte browning process through epigenetic modi-
fications [61]. Forming complexes with various trans-
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criptional factors, such as PRDM16 or NRF1 [19,43], LSD1
selectively removes mono- and dimethyl groups from
lysine 4 or lysine 9 of histone H3 (H3K4 or H3K9) [18].
Demethylation of H3K4 results in repression of adipo-
cyte browning inhibitors [19,43,75], whereas demethyla-
tion of H3K9 leads to the up-regulation of thermogenic
genes [19,43,61]. Both these effects efficiently partici-
pate in promotion of adipocyte browning process, as
demonstrated in in vivo and in vitro murine studies.

LSD1, acting together with PRDM16, C/EBP-a, COREST
and other molecules on H3K4, down-regulates the
expression of WAT-specific genes and disturbs Wnt
signalling [15,19,75], which is referred to as browning
inhibitor [46]. In addition, LSD1 affects glucocorti-
coid synthesis by a significant decrease in the expres-
sion of hydroxysteroid 11-p-dehydrogenase isozyme 1
(HSD11B1), which, in turn, reduces browning-inhibitory
effect of active glucocorticoids [43,75].

LSD1, as a potent stimulator of browning, may influence
target genes not only as a corepressor, but also as a coac-
tivator [19,43]. Acting together with Zfp 516 or Nrfl on
H3K9, LSD1 potentiates transcription of BAT hallmarks,
such as UCP1, PGCla and PRDM16 [18,19,61]. Additio-
nally, LSD1 sensitises adipose p3 receptors to adrenergic
stimulation, which, in turn, stimulates browning [18].

Although mechanistic data on LSD1 is still inconsistent,
authors agree that LSD1 is an important browning acti-
vator, which could be recruited by cold exposure [18,61].

Neural control

At the central level browning of WAT is regulated by cer-
tain hypothalamic regions, including thermoregulatory
center in preoptic hypothalamus (as precisely descri-
bed above), ventromedial hypothalamic nucleus (VMH),
arcuate nucleus (ARC), dorsomedial hypothalamic nuc-
leus (DMH) and paraventricular hypothalamic nucleus
(PVH). They integrate several stimuli in order to con-
trol the process of browning through the sympathetic
nervous system and different mechanisms are responsi-
ble for their stimulation.

VMH is activated in response to glucagon-like pep-
tide-1 (GLP-1), a hormone released by enteroendocrine
cells to signal satiety, delay gastric emptying and avert
postprandial hyperglycaemia [4]. Brain GLP-1 receptors
(GLP-1R) signalling is mediated via 5’AMP-activated pro-
tein kinase (AMPK) pathway.

ARC includes two antagonistic groups of neurons lia-
ble to maintain balance between hunger and satiety,
which might be induced by leptin in a phosphatidyino-
sitol 3-kinase (P13K)/protein kinase B-dependent man-
ner [17]. In addition, this pathway could be enhanced by
insulin, which acts synergistically with leptin, leading
to browning on a larger scale with substantial boost in
energy expenditure.

DMH enables SNS-dependent adipocyte beiging selecti-
vely in inguinal WAT (IWAT) and dorsomedial subcuta-
neous WAT, however only when neuropeptide Y (NPY)
gene expression within the DMH decreases [3]. In this
case, DMH increases the expression of PPARy and Pgc-1a
mRNA, both involved in thermogenesis in rats.

Adipocyte browning and increased energy expenditure
also occur as a result of the induction of hypothalamic
brain-derived neurotrophic factor (BDNF) expression in
response to environmental stimuli linked with adrener-
gic activation. BDNF acts within PVH, a region conta-
ining CRH and TRH neurons which have a thermogenic
property via the SNS [10,31].

Taken together, the thermoregulatory center, ARC, VMH,
DMH and PVH are all considered to be able to intensify
the expression of adipose UCP1, PRDM 16, PGC1a, TMEM
26,CD137 and neural TH [3,4,10,17], which are indicative
of WAT browning due to the remarkable increase in SNS
activity. However, detailed mechanisms, defining how
the activation of specific CNS regions impacts enhanced
SNS drive, remain unknown and require further rese-
arch.

Parathyroid hormone and parathyroid hormone-
related protein

Recently, a powerful browning-positive effect of para-
thyroid hormone (PTH) and parathyroid hormone-
-related protein (PTHrP) was observed in murine
models (in- and ex-vivo experiments) [34,35]. It has
been found that full-length PTH, as well as PTH poly-
peptides made up of 34 N-terminal amino acids and
PTHrP, promote UCP1, PGCla and DIO2 genes expres-
sion. Up-regulation of these genes was also confirmed
in patients suffering from primary hyperparathyro-
idism suggesting similar effect of PTH on human adi-
pose tissue [34]. Mechanistically, action of both, PTH
and PTHrP, is mediated by the same receptor known
as PTH/PTHrP receptor and results in stimulation of
PKA pathway [34,35].

Interestingly, dynamic induction of adipocyte browning
process caused by the overexpression of PTH (e.g. in
chronic kidney disease) or PTHrP (e.g. in cancer) seems
to play a significant role in the development of cache-
xia, as the caloric-consuming thermogenic function of
beige adipocytes may contribute to negative energy
balance [34,35].

Prostaglandin Ez

Prostaglandin E2 (PGE2) is an eicosanoid mostly conside-
red as a potent vasodilator, endogenous pyrogen, as well
as a fertilization and labour participant. Its production
is initiated in almost all tissues by active cyclooxyge-
nase 1 (COX-1), cyclooxygenase 2 (COX-2) and terminal
prostaglandin E synthases [26]. Recent in vitro research
revealed that in human WAT, PGE2 may induce adipo-
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cyte white-to-beige transdifferentiation only in mature
cells, but not in adipocyte progenitors [26], whereas in
mice the effect is observed mostly in preadipocytes [25].
PGE2 participates in the differentiation of WAT by incre-
asing expression of UCP1 and PRDM 16, genes indicative
of browning process [25,26].

BROWNING INHIBITORS

Emerging studies on WAT browning have been prima-
rily focused on understanding inducing mechanisms
that transform WAT to energy-dissipating tissue. Data
on browning inhibition is scarce and only few natural
inhibitors are described in the literature.

Ageing

Recent research provided evidence that adipocyte brow-
ning process is remarkably suppressed in aged mice [64].
Interestingly, the reason this phenomenon is not solely
associated with age-related chronic inflammation has
previously been considered. Currently, it is assumed
that depletion of browning ability is also determined
by a decline in the number of PDGFRa+ progenitor cells,
which proceeds with age [64]. Adipose tissue depots cha-
racterized by a decrease in PDGFRa+ population show
interfered browning capacity upon p3-adrenergic sti-
mulation, despite unchanged p3-adrenergic receptors
(B3-AR) density. Furthermore, an extreme reduction
(80% loss) in UCP1 expression is observed in the course
of ageing. Finally, the prevalence of multilocular adipo-
cytes among fat depots diminishes with age. Taken toge-
ther, ageing may be regarded as an adipocyte browning
inhibitor, as it impairs differentiation, functioning and
depletes reserves of beige adipose tissue.

Nevertheless, low-grade inflammation is still conside-
red as one of the potential mechanisms behind reduced
UCP1 expression and inhibition of browning. For exam-
ple, tumor necrosis factor alpha (TNFa), an inflamma-
tory cytokine which plasma concentration rises with
age [51], contributes to the disruption of adipocyte
browning in response to 3-adrenergic stimulation. It
disturbs f3-AR downstream signalling, irrespectively of
B3-AR expression and supresses UCP1 expression [60].
Hence, age-dependent impairment of browning capacity
has an association with both reduced PDGFRa+ population
and action of inflammatory cytokines, such as TNF-a.

Glucocorticoids

Findings from mice and human studies have documen-
ted a potent suppressive effect of glucocorticoids (GCs)
on adipocyte browning process [37]. Acting on the nuc-
lear glucocorticoid receptor, GCs activate glucocorticoid
response element in promoter region of miR-27b gene,
thereby leading to miR-27b overexpression. miR-27b, in
turn, interferes with 3" UTR sequence of PRDM16 mRNA,
silencing both transcription and translation of PRDM16.
As a result, the expression of PRDM16 and PRDM16-

-dependent genes, such as UCP1 or CIDE-A, is signifi-
cantly down-regulated. Thus, GCs may impair adipocyte
browning via potentiation of miR-27b expression.

Obesity

The role of low-grade chronic inflammation in the
inhibition of adipocyte browning is critical in obese
mice. Hypertrophied adipocytes are capable of secre-
ting a wide range of inflammatory cytokines, inclu-
ding monocyte chemoattractant protein-1 (MCP1) [60].
MCP1 provokes macrophages accumulation within fat
depots. The infiltrated macrophages are then imme-
diately activated in a classic way, transforming into M1
macrophages, which secrete inflammatory cytokines
along with TNFa [13,60]. TNFa suppresses the induc-
tion of thermogenic adipocytes in vivo and in vitro,
affecting B3-AR downstream signalling pathway and
UCP1 expression, and the mechanisms controlling this
suppression are independent of mitochondrial bioge-
nesis [60].

Taken together, obesity serves as a potent inhibi-
tor of adipocyte browning process, thereby creating
the vicious circle: the greater expansion of WAT, the
lower formation of beige adipocyte, thermogenesis and
energy expenditure with concomitant increase in body
fat mass.

Inhibition of adipocyte browning process is also associa-
ted with the activity of TGF-f/Smad3 or Wnt signalling
pathways. Mechanistically, their common feature inc-
ludes repression of BAT-specific genes, such as UCP1,
PGCla and CIDE-A, as demonstrated in in vivo and in vitro
murine studies [46,73].

CLINICAL SIGNIFICANCE

Importantly, adipocyte browning process brings signi-
ficant metabolic benefits that may help fight the gro-
wing worldwide problem of obesity and obesity-related
diseases, such as atherosclerosis (arteriosclerotic vascu-
lar disease, ASVD), diabetes mellitus type 2, dyslipide-
mia and hypertension (HT). Here we present the current
results of numerous in vivo murine studies with regard
to physiological/pathophysiological background for
developing new initiatives to advance prevention and
treatment research regarding obesity, hypertension, dia-
betes type II, and atherosclerosis.

Completed browning of WAT manifests in the expan-
sion of beige adipocyte population, which entails fur-
ther changes. Considering thermogenic properties of
brite adipocytes, adipocyte browning contributes to
a remarkable increase in basal and uncoupled respi-
ration [6,20,67]. Of note, generated heat increases the
body core temperature [22,44], causing vasodilation
and decrease in blood pressure, thus preventing arterial
hypertension (HT). In addition, completed browning
process promotes oxidative respiration and stimulates
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Table 1. Clinical benefits of adipocyte browning process

Clinical effects of adipocyte browning process

1 ADIPOSITY | ATHEROSCLEROSIS

| DIABETESTYPE 2

| DYSLIPIDEMIA | HYPERTENSION

Mechanism:

. | secretion of inflammatory
1 energy expenditure

1 insulin sensitivity

1 LPL activity and related 1 temperature-related

cytokines lipid profile alterations vasodilation
1 lipolysis 1 HDL-C (anti-oxidative potential) 1 peripheral glucose uptake T HDL-C ! Vasculatresr:i(())(:]th muscle
| appetite 1 adiponectin (cardioprotective 1 blood glucose level LT6, LDL-Cand TC | vascular myocytes

effect)

proliferation

| vascular myocytes proliferation

1 HDL-C (anti-oxidative
potential)

1 adiponectin (cardioprotective
effect)

1 natriuresis

HDL-C - high-density lipoprotein-cholesterol, LDL-C - low-density lipoprotein-cholesterol, LPL - lipoprotein lipase, TC - total cholesterol, TG - triglycerides.

qualitative changes in respiration substrates in favor of
lipids, as demonstrated by elevated oxygen consump-
tion rate (OCR) and decreased respiratory exchange
ratio (RER) [6,39,49]. These changes are associated with
intensified energy expenditure [7,11,35], which is one of
the three major changes related to browning (increased
beige adipocyte population, decreased number of white
fat cells and enhanced energy expenditure).

Increased energy expenditure potentiates lipolysis, activa-
ting adipose hormone-sensitive lipase (HSL) and providing
fuel for adipocyte respiration [14,23]. This, in turn, elevates
plasma free fatty acids (FFA) level, enabling beige adipo-
cyte-targeted substrate delivery. Clearly, lipolysis decreases
adipose tissue mass and provokes body weight loss with all
associated health benefits [7,22,44]. To maintain optimal
thermogenesis the energetic processes requires a readily
available fuel supply, which, apart from HSL activation,
includes lipoprotein lipase (LPL) activity and up-regulated
function of LDL-receptor (LDL-R) [2,5]. LPL and LDL-R, in
turn, are capable of changing blood lipid profile into less
atherogenic (with increased high-density lipoprotein-cho-
lesterol (HDL-C) and declined triglycerides (TG), low-den-
sity lipoprotein-cholesterol (LDL-C), and total cholesterol
(TC)), thereby preventing dyslipidemia and atherogenesis.
Finally, increased basal metabolic rate also affects glucose
metabolism, stimulating its peripheral uptake with conco-
mitant decrease of its blood concentration [44,77].

In addition to weight loss itself, many other benefits,
beyond the reduction of WAT mass, are observed. Firstly,
shrinkage of WAT may result in lower secretion of various
inflammatory cytokines and, together with declined glu-
cose blood level and augmented glucose uptake, may
improve insulin sensitivity [22,31,44], thereby counterac-
ting diabetes type 2. Secondly, reduced low-grade inflam-

mation (due to body weight loss) may restore physiologic
profile of secreted adipokines, such as adiponectin or
leptin [22,38]. This, in turn, results in both limited leptin
overproduction and leptin resistance [38], which, toge-
ther with improved insulin sensitivity, may restore nor-
mal appetite regulatory mechanism. Furthermore, blood
level of adiponectin may rise, providing potent cardiopro-
tective effect and thus, limiting ASVD development and
HT severity. Thirdly, considering that WAT secretes signi-
ficant quantities of angiotensionogen, diminished popu-
lation of white adipocytes could possibly coexist with
lowered local angiotensinogen production and lowered
blood pressure [32,74]. In addition, neutralised hyperinsu-
linemia, via cellular mediators that enhance natriuresis,
may also participate in returning arterial blood pressure
to normal values [68]. Finally, lowered Ang II, together
with restored insulin, may be found to suppress vascular
myocytes proliferation and prevent ASVD and HT deve-
lopment and/or progression [30,76].

Clinical benefits of adipocyte browning process with
all described above mechanisms are summarized in
Table 1.

CONCLUSIONS

This paper gives an overview of adipocyte browning
process focusing on a wide range of browning activa-
tors and a few known inhibitors.

Because of its clinical importance, browning agents,
mechanisms and therapeutic potentials of BAT have
gained considerable attention, as they may provide
novel strategies combating obesity and obesity-rela-
ted disorders.

508



Wisniewski 0.W. et al. - Physiologically-induced adipocyte browning

WAT browning contributes to the expansion of beige adi-
pose tissue, characterized by increased basal and uncoupled
respiration. This, in turn, leads to accelerated whole-body
energy expenditure with concomitant weight loss. Hence,
physiologic browning activators might serve as natural
and promising factors to correct the energy imbalance that
underlies obesity. In addition, even people who understand
the difficulty of long-term weight loss often have problems
with dietary restrictions and regular physical activity. The-
refore, targeting BAT for the treatment of obesity will ena-
ble the development of a more convenient intervention.,
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