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Obesity has emerged as a major threat to public health in both the western and developing
world. Essentially a disorder of energy balance, obesity occurs when energy intake and storage
exceeds expenditure. Much of energy homeostasis depends on the activity and function of
adipose tissue. Adipocytes in mammals fall into two categories classified by their primary
functions: white fat cells that mediate energy storage and thermogenic fat cells that counteract
hypothermia and obesity through adaptive thermogenesis. Whereas white fat and its function
as an energy reservoir and endocrine organ have been studied for decades and are relatively
well understood, until recently many aspects of the thermogenic fat biology have remained
elusive. Accumulating evidence supports the hypothesis that thermogenic fat cells arise from
at least two different developmental origins: the ones of a skeletal muscle-like lineage are
now called “classical” brown fat cells, and the rest of the thermogenic fat cells are normally
referred to as the beige fat cells. The last decade has witnessed an explosion of interest and
studies focusing on the regulation of thermogenic fat cells and potential therapeutics targeting
these adipocytes. Here we summarize the recent advancements in our understanding of these
metabolically active fat cells.
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The Editorial on the Research Topic

Molecular Regulation and Therapeutic Potential of Thermogenic Fat Cells

Much of systemic metabolism depends on the activity and function of adipose tissue. Adipocytes in
mammals fall into two categories classified by their primary functions: white fat cells that mediate
energy storage and thermogenic fat cells that counteract hypothermia and obesity through adap-
tive thermogenesis. Whereas white fat and its function as an energy reservoir and endocrine organ
have been studied for decades and are relatively well understood, until recently, many aspects of
thermogenic fat biology have remained elusive.

It has long been appreciated that the thermogenic brown adipose tissue that exists in the inter-
scapular depots of small rodents, hibernating mammals, and human infants provides significant
evolutionary advantages against cold stress (1). The last decade has witnessed an explosion of interest
and studies focusing on the regulation of thermogenic fat and potential therapeutics targeting these
adipocytes. Some groundbreaking discoveries have led to our current understanding of thermogenic
fat biology. Accumulating evidence supports the hypothesis that thermogenic fat cells arise from at
least two different developmental origins: the ones of a skeletal muscle-like lineage are now called
“classical” brown fat cells, and a new type of thermogenic fat cell that is interspersed within white
adipose tissue, which is normally referred to as the beige/brite (brown in white) fat cell. Definitions
of types and/or subtypes of thermogenic fat cells will continue to evolve as further studies reveal
distinctive functions of these cells. The rediscovery of thermogenic fat cells in human adults ignited
enthusiasm toward these cells serving as novel therapeutic targets against obesity and its associated
metabolic disorders. One of the key questions is whether the average amount and activity of these
cells in the adult human is sufficient to influence whole body metabolism. Emerging data are starting
to address this as several recent reports have demonstrated that activated thermogenic fat cells help
to improve glucose tolerance and insulin sensitivity in humans.

In this research topic, leading experts in the energy metabolism field provide an overview of
our current understanding of these metabolically active fat cells. We begin our discussions with
mechanistic insights on the transcriptional regulation of thermogenic fat cells [Park et al.; Mueller;
Bayindir et al.]. Reviews and a perspective article next explore how mitochondrial function, includ-
ing redox homeostasis, is regulated within these thermogenic adipocytes [Nam and Cooper; Jeanson
et al; Ro et al.]. Central control of adaptive thermogenesis and other functions of thermogenic
adipocytes are also highlighted [Yang and Ruan; Zhang and Bi]. Importantly, several articles
illustrate that interconnections exist between adipose tissue function and overall metabolic health,
and how to increase the content and activity of these cells to ultimately fulfill their therapeutic
potential in humans [Lester et al.; Peng et al; Porter et al.]. As technology has advanced, novel
interdisciplinary approaches have been developed to harvest the thermogenic capacity in fat tissue
toward the control of obesity and metabolic diseases [Jiang et al.; Tharp and Stahl]. We anticipate that
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Regulation of Thermogenic Adipocytes

all these articles will help the scientific community, both experts
in the brown and beige fat area and newcomers entering the
field to understand the molecular mechanisms of brown/beige
fat development and induction, and appreciate the physiological
impact of thermogenic fat activity. I would like to thank all the
authors and reviewers for their contribution and discussion to
put together this wonderful topic that may inspire further interest
in this exciting new field.
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Intricate transcriptional networks of
classical brown and beige fat cells

Jun Hong Park, Wonhee Hur and Sean Bong Lee*

Department of Pathology and Laboratory Medicine, Tulane University School of Medicine, New Orleans, LA, USA

Brown adipocytes are a specialized cell type that is critical for adaptive thermogenesis,
energy homeostasis, and metabolism. In response to cold, both classical brown fat and
the newly identified “beige” or “brite” cells are activated by B-adrenergic signaling and
catabolize stored lipids and carbohydrates to produce heat via UCP1. Once thought to
be non-existent in adults, recent studies have discovered active classical brown and beige
fat cells in humans, thus reinvigorating interest in brown and beige adipocytes. This review
will focus on the newly discovered transcription factors and microRNAs that specify and
orchestrate the classical brown and beige fat cell development.

Keywords: classical brown fat, beige, brite, transcriptional regulation, transcription factors, miRNAs, lincRNAs

Two Types of Thermogenic Cells: Classical Brown
and Beige Fat Cells

Non-shivering thermogenesis in mammals is carried out by a group of specialized fat cells known
as brown adipocytes. Classical brown adipocytes are generated during embryogenesis in distinct
brown adipose tissue (BAT) depots, such as the axillary, interscapular, and subscapular regions (1, 2).
Classical BAT is abundant in rodents and hibernating mammals and it functions to maintain their
body temperature in cold climate. Human infants are also born with classical BAT but it disappears
over time and was considered to be non-existent in adults (3). However, PET-CT imaging studies
with '8F-fluorodeoxyglucose have discovered active BAT in the neck and supraclavicular regions in
adult (4-8). These findings have revitalized the research on BAT and the efforts to utilize it as a
potential therapy against obesity and other metabolic diseases.

Recent studies in rodents and humans have discovered a second type of brown fat cells known
as the beige or brite (brown in white) cells (2, 9). Beige cells are generated postnatally within
white adipose tissues (WAT) in response to cold or adrenergic stimulation. Both classical brown
fat and beige cells are rich in mitochondria and uniquely express uncoupling protein 1 (UCP1),
an inner mitochondria membrane protein that produces heat by uncoupling the proton gradient
from ATP synthase. Although both brown and beige cells share the same thermogenic function,
they arise from entirely different cell lineages (2, 10). Classical brown fat cells arise from myogenic
progenitors that express Myf5 and Pax7 myogenic transcription factors (11, 12) in specific BAT
depots during development. In contrast, beige cells are made postnatally in WAT depots and arise
from Myf5-precursors that express platelet-derived growth factor receptor oo (PDGFRa) (10, 13-
15) or through transdifferentiation of mature white adipocytes (16-18) in response to cold or [3-
adrenergic stimulation. A recent study has also shown that beige cells can arise from smooth muscle
cell (Myh11+) progenitors (19). Several mouse genetic lineage-tracing studies have led to discordant
results regarding how beige cells are generated (13, 15, 17-19). The studies that permanently marked
mature white adipocytes in subcutaneous (subQ) WAT showed that cold-induced beige cells are
derived from mature white adipocytes in subQ WAT (17, 18), while another study showed that some
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beige cells are generated de novo from progenitors (15). In con-
trast, studies that genetically marked PDGFRo+ progenitors in
epididymal WAT (13) or smooth muscle progenitors (Myh11+) in
subQ WAT (19) demonstrated that beige cells are derived from the
respective progenitors. While further studies are needed to clarify
these issues, these studies clearly demonstrate that different WAT
depots have different “browning” capacity and might employ
different mechanisms to generate beige cells.

The discovery of active BAT in humans has raised the issue
of whether human BATs comprises classical brown or beige fat
cells. Several studies have revealed that adult human BAT is more
similar to the mouse beige cells (10, 20-22), while other studies
showed that it is closer to the classical BAT (23, 24). Hence, similar
to rodents, it is likely that adult humans possess both classical
brown and beige fat cells, depending on different anatomical
locations.

Preservation of Core Transcriptional
Hierarchy in Brown and White
Adipogenesis

During adipogenesis, external adipogenic signals activate a cas-
cade of core transcription factors that are critical for both brown
and white adipocyte differentiation. The sequential activation of
these transcription factors has been elegantly worked out in 3T3-
L1 cells (25), which were first established in Howard Green’s
lab from Swiss albino mouse embryonic fibroblasts (MEFs) (26)
using a 3T3 protocol (27). Adipogenic stimulation of either white
or brown preadipocytes leads to a sequential activation of core
transcription factors (25, 28, 29) (Figure 1). One of the earli-
est activated transcription factors are CCAAT-enhancer-binding
protein-f3 (CEBP-B) and CEBP-§, which then form a heterodimer
and transcriptionally activate peroxisome proliferator-activated
receptor ¥ (PPARY), along with another family member, CEBP-c.
PPARY is a member of the nuclear hormone receptor superfamily
and is the master regulator of adipogenesis as its sole expression
is sufficient to convert fibroblasts into adipocytes (30). Upon acti-
vation, PPARY activates the transcription of CEBP-o. and many
other genes involved in fatty acid synthesis, lipid storage, and glu-
cose metabolism (25). CEBP-a then reciprocally activates PPARY
as well as other adipogenic genes. While PPARY and the CEBP-
family proteins are the core transcriptional regulators of both BAT
and WAT adipogenesis, auxiliary transcription factors, such as
Kruppel-like factor 5 and 15 (KLF5 and KLF15), also modulate
general adipogenesis (25). Interestingly, Zfp423, which contains
30 Kruppel-like zinc fingers and a SMAD-binding domain, was
identified as a regulator of preadipocyte determination by activat-
ing the transcription of PPARY (31) (Figure 1). Deletion of Zfp423
in mice inhibits both brown and white adipogenesis.

Transcriptional Regulators of Brown and
Beige Fat Cells

Several recent studies have revealed brown and beige fat-specific
transcriptional regulators as well as microRNAs (miRNAs) and
long intergenic non-coding RNAs (lincRNAs), which will be
described in detail.

Early @Pzg})
P PPARY
y Y ‘
YBX1 —> | Sl J Ui EBFZ )
v Ik
Brown fat determination
miR-155 |
. CEBPB
miR-133a /\( \
(PROM16) PPARY /\
«;“EBan) )
(PROM16) P
I (PRDM16)
miR-193b-365 ‘

brown fat white fat
FIGURE 1 | A regulatory network of transcription factors and miRNAs
in classical brown and white adipogenesis. Early transcription factors are
shown above the dotted line and the box indicates the core transcription
factors critical for brown and white adipogenesis.

PRD1-BF-1-RIZ1 Homologous-Domain
Member 16

PRD1-BF-1-RIZ1 homologous-Domain Member 16 (PRDM16)
and its close homolog PRDM3 were first identified as the histone
3-Lys 9-monomethyltransferases (H3K9mel) that are critical for
heterochromatin organization (32). By examining transcription-
related genes enriched in brown fat versus white fat, Seale et al.
identified PRDM16 as a brown fat-specific transcription fac-
tor (33). Ectopic expression of PRDMI16 in WAT results in
increased beige cell formation in the mouse. Conversely, knock-
down of PRDM16 blocks brown fat differentiation. Remarkably,
knockdown of PRDM16 in primary brown preadipocytes leads
to myocyte differentiation and ectopic PRDM16 expression in
myoblasts turns them into brown fat cells upon adipogenic stim-
ulation (11). These results suggest that PRDM16 controls a cell
fate switch between brown fat and myocyte differentiation in
bipotent progenitors. Interestingly, another H3K9 methyltrans-
ferase, EHMT1, interacts with PRDM16 and is required for BAT
development (34). PRDM16 forms a complex with CEBPf} and
together, these two factors are able to convert a naive fibroblasts
or myoblasts into brown fat cells (35). Additionally, PRDM16
interacts with C-terminal binding proteins, CtBP1 and CtBP2,
and represses white fat gene expression program (36), but this
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interaction can be displaced by PGC-la. or PGC-1B, which
induces brown fat program upon binding to PRDM16 (33, 36).
PRDML16 also interacts with PPARY and enhances its transcrip-
tional activity (11). In addition to cold and 3-agonists, PPARY
agonists can also induce beige cell differentiation in the mouse,
which was shown to require PRDM16 (37). Addition of PPARY
agonists stabilizes PRDM16, likely through its interaction with
PPARY.

Initial description of global PRDM16 knockout (KO) mice,
which was postnatal lethal, reported abnormal BAT morphology
with reduced brown fat gene expression and ectopic myogenic
gene expression (11). A recent study showed that specific deletion
of PRDM16 in postnatal adipose tissues (BAT and WAT) using
Adiponectin-Cre blocks cold- or B3-agonist-induced browning
of subQ WAT, but has minimal effects on classical BAT and
visceral (Vis) WAT (38), demonstrating that PRDM16 is essential
for beige fat formation in subQ WAT (Figure 2). Furthermore, loss
of PRDM16 induces subQ WAT to adopt Vis WAT gene expres-
sion profile and reduces its thermogenic capacity. These findings
indicate that while PRDM16 is required during early brown cell
fate determination (according to earlier studies), it is dispensable
for mature BAT thermogenesis. Therefore, it was quite surprising
when a specific deletion of PRDM16 in early myogenic progen-
itors using Myf5-Cre showed normal BAT development (39). In
contrast to the Cohen et al. study which reported minimal effects
on BAT (38), adult BATs derived from Myf5-specific deletion of
PRDM16 shows increased white fat differentiation and reduced
thermogenesis in aged animals, suggesting a role of PRDM16 in
maintaining mature BAT function (39). A simultaneous deletion
of both PRDM16 and its homolog PRDM3 shows much earlier and
more prominent brown fat defect than the single PRDM16-KO,

although the embryonic and early postnatal (2 weeks) BAT devel-
opment are minimally affected. These studies show that in the
absence of PRDM16, PRDM3 can serve a compensatory role.

FOXC2

A role of a winged helix/forkhead gene, Foxc2, in browning of
white fat was demonstrated well before beige cell was recognized
as a distinct cell type (40). Expression of Foxc2 is highly restricted
to both BAT and WAT, and adipose-specific expression of Foxc2
using aP2 (Fabp4) promoter in mice results in browning of
WAT and hypertrophic BAT. Furthermore, Foxc2 transgenic mice
are resistant to high-fat diet (HFD)-induced obesity and insulin
and glucose resistance. This is at least partly due to increased
mitochondria number and respiration of beige cells in WAT of
transgenic mice. Intriguingly, expression of Foxc2 in 3T3-L1 cells
blocks white fat differentiation by inhibiting the expression of
certain PPARY target genes (41).

EWS

Ewing sarcoma break point region 1 (EWSRI, herein termed EWS)
encodes a highly abundant, multifunctional RNA/ssDNA binding
protein (42). Originally presumed to play housekeeping roles in
basic transcription and RNA splicing (43), generation of EWS-
KO mouse and other studies have revealed a surprisingly diverse
role of EWS in meiosis, B-cell development, prevention of cellular
senescence, mitosis, DNA damage-induced alternative splicing,
and miRNA regulation (44-49). More recently, it was discovered
that classical BAT development was completed blocked in EWS-
KO (50). Deletion of EWS results in a complete block in early
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FIGURE 2 | Intricate networks of transcription factors and miRNAs in beige and white fat differentiation from progenitors or through
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embryonic classical BAT development and loss of brown fat differ-
entiation in preadipocytes. As a member of TGF-f3 superfamily,
BMP?7, bone morphogenic protein 7, plays a critical role in the
commitment of early mesenchymal progenitors to brown fat (51).
In the absence of EWS, BMP7 expression is lost in embryonic
BAT and in brown preadipocytes undergoing adipogenesis (50).
Following adipogenic stimulation, EWS forms a complex with
Y box-binding protein 1 (YBX1) and activates BMP7 transcrip-
tion. Depletion of YBX1 also results in loss of BMP7 expression
and a block in brown fat differentiation. Notably, loss of EWS
leads to ectopic myogenic expression in EWS-KO BAT, consistent
with the idea that EWS determines the classical brown cell fate.
Interestingly, EWS heterozygous mice show reduced beige cell
recruitment in inguinal WAT in response to PPARY agonist or 33-
adrenergic stimulation (50). However, the definitive role of EWS
in beige cell development will require further studies. As both
brown fat and beige cells are rich in mitochondria, it is intriguing
to note that EWS was recently shown to regulate mitochondria
density and function by controlling PGC-1a. protein stability (52).
Finally, EWS may also have a role in white adipogenesis, at least
in vitro (53).

EBF2

A search for brown fat-specific PPARY-regulated promoters by
ChIP-seq analysis identified an enrichment of early B-cell factor
(EBF) binding sites in the PPARY occupied DNA regions (54). It
was subsequently shown that EBF2, one of the four EBF isoforms,
is highly expressed in BAT compared to WAT or beige cells.
Ectopic expression of EBF2 in C2C12 myoblasts or in stromal vas-
cular fraction (SVF, which is known to contain adipocyte progeni-
tors) leads to a strong induction of brown fat differentiation, while
depletion of EBF2 blocks differentiation in brown preadipocytes.
EBF2 recruits PPARY to the PRDM16 promoter/enhancer region
and synergistically activates its expression. EBF2 is expressed in
early Myf5+/Pdgfro.+ brown progenitors as well as in Pdgfro+
beige precursors from subQ WAT, serving as potential markers
of these progenitors (55). However, classical BAT of EBF2 KO
mouse shows normal levels of pan-adipocyte markers, PPARY,
adiponectin, and Fabp4, but loss of BAT-specific Ucpl, PRDM16,
and Cidea expression, demonstrating that EBF2 is not required for
general adipogenic process but specifically regulates BAT-specific
gene expression (54, 55). Interestingly, a recent study showed that
EBF2 forms a ribonucleoprotein complex with a long non-coding
RNA (IncRNA) termed brown fat IncRNA 1 (Blncl), which is
transcriptionally regulated by EBF2 during brown adipogenesis,
to promote adipogenesis in brown adipocytes (56).

KLF11, IRF4, and ZFP516

As aforementioned and reviewed in Ref. (25, 57), several KLF-
family proteins play important roles in the common adipogenic
differentiation of BAT and WAT. Notably, KLF11 was recently
identified as an activator of beige cell differentiation of human
adipose-derived stem cells (58). KLF11 is a direct target of PPARY
and activates the expression of beige-specific genes. Expression of
interferon regulatory factor 4 (IRF4) is induced by cold in both
BAT and WAT and overexpression of IRF4 in BAT and WAT

leads to enhanced thermogenesis and resistance to HFD-induced
obesity (59). Conversely, specific deletion of IRF4 in Ucpl+ cells
(brown and beige cells) causes a reduction in energy expenditure
and thermogenesis as well a block in beige cell formation in subQ
WAT. Interestingly, PGC-1o. interacts with IRF4 and this inter-
action appeared to be crucial for activation of Ucpl expression.
A search for transcription factors that directly activate Ucpl led
to an identification of Zfp516 containing ten C2H2 zinc finger
protein (60). Ectopic expression or genetic deletion of Zfp516
results in browning of WAT or loss of classical BAT development.
Though the exact mechanisms of Zfp516 are not clear, it interacts
with PRDM16; however, since PRDM16 is dispensable for clas-
sical BAT development, how Z{p516 regulates BAT development
remains unresolved.

Inhibitors of Brown and Beige Cell
Differentiation: Rb Family Proteins
and MRTFA

Retinoblastoma susceptibility (Rb) family proteins, Rb and p107,
have important roles in determining white versus brown adipocyte
differentiation (61, 62). Deletion of Rb in MEFs or embryonic
stem (ES) cells results in brown fat differentiation (Ucpl+) upon
adipogenic stimulation while control cells give rise to white
adipocytes (61). Consistent with this, mesenchymal progenitor-
specific Rb KO embryos show a significant increase in classi-
cal BAT mass (63). Intriguingly, while Rb is required for white
adipocyte differentiation in vitro (64, 65), adipose-specific KO
of Rb (66) or inactivation of Rb via SV40 T antigen in WAT
(67) results in browning of WAT. Expression of p107 is abundant
in the SVF from Vis WAT, lower in subQ WAT, and absent in
BAT (68). Mature white adipocytes from any WAT depots do
not express pl07. Deletion of p107 in a congenic Balb/c back-
ground leads to an impairment of WAT development but not
BAT, and causes extensive browning in various WAT depots (62).
B-adrenergic stimulation reduces p107 expression in SVF and
induces beige fat differentiation (68). Thus, Rb family proteins
likely function as a negative regulator of beige cell differentia-
tion. Similarly, genetic ablation of myocardin-related transcrip-
tion factor A (MRTFA) results in browning of WAT depots with-
out affecting BAT mass and function (69). MRTFA KO mice
are protected from HFD-induced obesity and insulin resistance,
demonstrating that MRTFA is a negative regulator of beige cell
formation.

Regulation of Brown and Beige Cell
by microRNAs

Recent studies have identified several miRNAs that specifi-
cally target the expression of critical brown or beige tran-
scription factors described above. Accordingly, many miR-
NAs are expressed in BAT- or WAT-specific manner. One
such miRNA, miR-193b-365, is activated by PRDM16 and
is required for brown adipogenesis (70) (Figure 1). Forced
expression of miR-193b-365 in myoblasts blocks myogenesis
and upon adipogenic stimulation, induces brown fat differen-
tiation. In contrast, miR-133a represses PRDM16 expression
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and inhibits brown fat differentiation by targeting the 3’-UTR
of PRDM16 transcripts (71, 72). Genetic inactivation of miR-
133a has no effects on BAT development but increases beige cell
development in WAT depots, which results in improved ther-
mogenesis and glucose and insulin sensitivity. TGFf, a potent
inhibitor of adipogenesis (73), increases the expression of miR-155
and inhibits adipogenesis (74). Inhibition of adipogenesis by miR-
155 overexpression suppresses CEBP[} expression, while CEBPf
represses miR-155 expression, forming a double negative loop in
brown adipogenesis (Figure 1). Ectopic expression of miR-155
in the mouse reduces BAT size and function while miR-155 KO
mice show improved BAT thermogenesis and enhanced beige cell
formation in WAT. Expression of miR-196a is induced in subQ
WAT following cold or B3-agonist stimulation and is required for
Ucpl1 expression (75). miR-196a represses the expression Hoxc8,
homeobox c8, which is highly expressed in white fat cells and
inhibits brown fat differentiation. Adipose-specific expression of
miR-196a results in enhanced browning of WAT and protects
mice from HFD-induced obesity and insulin resistance. Intrigu-
ingly, it was found that Hoxc8 represses CEBPP expression by
recruiting histone deacetylase, HDAC3. Thus, miR-196a regulates
the expression of CEBPf} through Hoxc8 (Figure 2). miR-26a
and miR-26b also have positive effects on converting human
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Obesity represents a major risk factor for the development of a number of metabolic dis-
orders, including cardiovascular disease and type 2 diabetes. Since the discovery that
brown and beige fat cells exist in adult humans and contribute to energy expenditure,
increasing interest has been devoted to the understanding of the molecular switches
turning on calorie utilization. It has been reported that the ability of thermogenic tissues
to burn energy declines during aging, possibly contributing to the development of meta-
bolic dysfunction late in life. This review will focus on the recently identified transcriptional
modulators of brown and beige cells and will discuss the potential impact of some of
these thermogenic factors on age-associated metabolic disorders.

Keywords: age-associated metabolic dysfunction, brown fat thermogenesis, transcription factors, HSF1, FoxA3

INTRODUCTION

Obesity arises when the caloric input exceeds energy output. The principal organ that expands in
response to nutritional overload is white fat, a tissue endowed with the critical evolutionary role to
conserve and store energy, as triglycerides, to be deployed during periods of nutrients unavailability.
White adipose depots located in diverse anatomical locations, such as in the visceral cavity and under
the skin, have been shown to expand differentially in response to nutritional cues, hormonal signals,
and during the aging process. In antithesis to white, brown fat, mainly present in the interscapular
area in rodents and rich in mitochondria interspersed among multilocular lipid droplets, is entrusted
with the function of burning chemical energy to generate the heat required to maintain core body
temperatures during adverse atmospheric events, such as acute or prolonged exposure to cold (1,
2). For its thermogenic function, brown fat tissue relies on UCP1, a mitochondrial protein that
uncouples oxidative phosphorylation from ATP synthesis, generating mitochondrial proton leak
leading to energy dissipation (3). For a number of years, it had been suspected that an additional
type of fat cells existed embedded within some of the white depots and thought to be responsible for
the heterogeneous, mixed histological appearance observed after changes in ambient temperatures
or in response to certain pharmacological stimuli; such elusive cells have been recently isolated in
mice and called beige because of their intermediate functional characteristics between white and
brown adipocytes (4). Beige cells have a smooth muscle-like developmental origin (5), deriving
from precursors distinct from those known to give rise to white or brown fat, possess specific gene
signatures, and are contradistinguished by unique markers, such as the developmental factor Tbx1
(4, 6). In response to cold temperatures or f-adrenergic stimuli, beige cells present in subcutaneous
white tissue can promptly switch from energy storage functions to programs that initiate calorie
burning through the induction of a futile cycle that involves creatine metabolism (7), in addition
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to the activation of' UCP1-dependent thermogenic programs
characteristic of brown fat cells. Because of the ability of these
beige cells to mount a rapid thermogenic response, together with
brown fat cells, they have been considered contributors to the
overall ability of organisms to expend energy (8, 9).

TRANSCRIPTIONAL MODULATORS OF
THERMOGENESIS

The functional importance of brown fat for heat generation to
protect animals from the perils of exposure to low temperatures
in the wilderness has been recognized for decades and has rep-
resented the focus of studies by morphologists and biochemists
for a number of years. However, only in the last 15 years, there
has been an improvement in our understanding of the molecular
mechanisms that guide the development and govern the func-
tion of thermogenic tissues. Recent radiographic and molecular
evidence establishing the presence of brown and beige tissues also
in adult humans (10-14), in addition to neonates and rodents,
has sparked an interest in the possibility of identifying molecular
switches to be targeted for the induction of energy consumption
as anti-obesity intervention (15).

PGC1x

One of the first advances in this field was made in the late 90s in the
laboratory of Bruce Spiegelman, where Puigserver and colleagues
performed a yeast two-hybrid screen to identify novel interactors
of the master regulator of adipocyte differentiation, PPARy, in
brown fat tissue (16). This work led to the characterization of the
peroxisome proliferator-activated receptor gamma coactivator
la, PGCla, as a novel coregulator of UCP1 expression, rapidly
induced in brown fat upon cold exposure. It has now been recog-
nized that PGCla can modulate metabolism through its interac-
tion with a number of transcription factors on promoters of genes
encoding for proteins involved in metabolic functions, such as
mitochondrial and peroxisomal remodeling and biogenesis, and
f-oxidation in brown fat (17-19). Analysis of the in vivo require-
ments of PGClahas demonstrated a direct involvement of PGCla
in thermogenesis and in beige fat biology as shown by the blunted
response to cold challenge of mice with fat-specific deletion of
PGCla and by the decreased levels of thermogenic markers, such
as UCPI, in the inguinal fat pads (iWAT) of Fat-PGCla KO mice
(20). In addition to the classic inducers of brown fat function, such
as p-adrenergic stimuli and CREB signaling, known to regulate
PGCla mRNAs, it has been demonstrated that PGCla protein
levels can be regulated in an autocrine/paracrine fashion by fac-
tors such as FGF21, prompting PGCla-dependent browning of
iWAT (21). Given the role of PGCla as a critical transcriptional
coregulator of energy balance, a large emphasis has been placed on
the identification of the upstream factors and signaling pathways
that activate PGCla and on the characterization of PGCla down-
stream targets to ultimately enhance energy expenditure.

PRDM16

To further understand the mechanisms regulating brown fat
physiology and to identify the key contributors to brown fat

identity, a few years after the discovery of PGCla, the Spiegelman
laboratory carried out a systematic search for transcriptional
regulators differentially expressed in brown fat tissue in com-
parison to epididymal white depots. Through this analysis, Seale
and colleagues identified the zinc finger protein PR domain
containing 16, PRDM16, as a brown fat selective cofactor able
to activate brown fat gene programs (22). Mechanistically, it was
demonstrated that PRDM16 can modulate UCP1 expression
via its direct interaction with PGCla and f. Studies of putative
brown fat depots of WT and PRDM16 global knockout mice at
embryonic day 17 showed reduced expression of thermogenic
genes and elevation of muscle-specific genes supporting a role
for PRDMI6 as an early determinant of brown fat lineage and
as a negative regulator of muscle development (23). Analysis of
transgenic mice with conditional expression of PRDM16 in white
fat driven by the promoter of the fatty acid binding protein, aP2,
demonstrated that PRDM16 is also involved in the development
of beige adipocytes in subcutaneous fat and that it induces ther-
mogenic genes, such as Ucpl, Cidea, Cox8b, and Elovl3, in these
cells. The molecular changes induced by in vivo overexpression
of PRDM16 in fat tissue were associated with increased whole
body energy expenditure and protection from the weight gain
induced by high-fat diet, indicating a selective role for PRDM16
in adaptive thermogenic responses mediated by beige cells (24).
Conversely, analysis of mice with ablation of PRDM16 selectively
in adipose tissues demonstrated that the absence of PRDM16
is associated with a switch in the molecular and morphological
characteristics of inguinal fat into those of epididymal WAT. Mice
with fat selective ablation of PRDM16 exposed to high-fat and
-carbohydrate diet for 16 weeks maintained at room temperature
developed obesity and insulin resistance (25). Of note, the effects
of PRDM16 ablation in fat tissues driven by the adiponectin
promoter appeared to be inguinal fat specific, causing the deple-
tion in beige cells but not altering brown fat tissue functionality.
Overall these gain- and loss-of-function studies performed both
in vitro and in vivo have provided evidence for a role of PRDM16
in the regulation of brown and beige fat tissues maintenance and
in restricting muscle developmental programs.

PRDM3

Recently, Harms and colleagues in the laboratory of Seale
demonstrated that PRDM3, a factor closely related to PRDM16,
plays a role in establishing brown fat identity (26). PRDM3
induces UCP1 and PGCla when overexpressed in C2C12 cells.
PRDM3 levels appear to be highly regulated and are shown to
decline in brown fat tissue as the mice age, with the highest levels
observed at embryonic stage 18. These data suggest that PRDM3
may complement the function of PRDM16 during early devel-
opmental phases. This possibility is supported by the evidence
that double knockout mice for both PRDM3 and PRDM16 have
marked decrease in brown fat formation. Recent molecular data
have demonstrated that, similarly to PRDM16, PRDM3 can
alter chromatin structure at brown fat gene-specific promoters
via its interaction with MED], thereby enhancing target gene
expression (27). Given that PRDM3 has been reported to play
broad fundamental functions in heterochromatin maintenance
(28), future studies may reveal how PRDM3 regulates gene
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transcription in a depot-selective manner and whether it may rely
on additional - yet to be identified - tissue-specific interacting
partners to achieve brown fat tissue effects.

TAF7L

Another important molecular determinant of brown fat was
recently discovered in the laboratory of Robert Tijan. Zhou and
colleagues reported that the TATA-binding protein-associated
factor 7L (TAF7L), previously shown to be a critical regulator of
white adipose tissue differentiation, also functions as a molecular
switch between brown fat and muscle lineages (29). Through
studies involving histological and molecular analysis, Zhou and
collaborators showed that TAF7LKO mice have decreased brown
fat tissue and increased muscle mass. These effects are associated
with upregulation of genes involved in skeletal muscle develop-
ment and function, and a decrease in brown fat gene expression
programs. Gain- and loss-of-TAF7L-function studies performed
in cell lines, such as 10T1/2 and C2C12, further demonstrated
that TAF7L modulates mesenchymal cells fate. To determine the
mechanisms through which TAFL4 may tip the balance toward
the brown adipose lineage, the authors performed immune-pre-
cipitation studies and identified a fat-specific complex containing
only a subset of canonical TFIID-TAF subunits co-purifying with
TAF and PPARy. These TAF7L-containing TFIID complexes
appear to mediate DNA looping between distal enhancers and
core promoter elements in adipose tissues, suggesting that TAF7L
is a tissue-specific subunit of TFIID involved in the coordination
of long-range chromatin interactions to specify brown fat line-
age. These studies suggest the possibility of the existence of novel
additional fat depot-selective TFIID complexes each involved in
the determination of a distinct fat cell type.

Zfp516

In search for novel regulators of thermogenic tissue function,
Dempersmier and colleagues in the group of Hei Sook Sul per-
formed a high-throughput screen of factors binding to the UCP1
promoter. Through this analysis, it was shown that the Kruppel-
like zinc finger protein Zfp516 directly binds to a proximal region
of the UCP1 promoter present at —70 to —45 bp from the start
site (30). More detailed molecular analysis revealed that Zfp516
is induced upon cold exposure and that it regulates UCP1 gene
expression in complex with the coactivator PRDM16. Analysis
of promoter sequences upstream of a number of brown fat genes
revealed the presence of sequence similarities with the CCACT
DNA stretch identified in the UCP1 promoter, and bound by
Zfp516, and ChiP studies confirmed the ability of Zfp516 to
occupy a similar motif also in the promoter of PGClaand Cox8b.
Analysis of inguinal fat depots of mice with overexpression of
Zfp516 driven by the —5.4 aP2 promoter kept at room tempera-
tures showed increased clusters of cells containing multilocular
lipid droplets, elevated UCP1 staining, consistent with increased
amounts of beige fat cells. Furthermore, it was shown that these
mutant mice have higher oxygen consumption levels. Assessment
of the specific tissues contributing to increased respiratory activ-
ity in mice overexpressing Zfp516 revealed a selective effect of
Zfp516 in inguinal fat, while no changes in respiration were
observed in brown fat tissue. Consistent with the effects resulting

from increased number of beige fat cells in iWAT, Zfp516 trans-
genic mice showed elevation in their core basal temperatures, had
improved cold tolerance, and were protected from diet induced
obesity. Global ablation of Zfp516, although lethal, allowed the
analysis of the effects of ablation of Z{p516 on the early develop-
mental phases of brown fat formation. Embryos lacking Zfp516 at
day 20.5 showed reduced brown fat mass and decreased brown fat
gene expression in presumptive BAT. Overall, the data obtained
in the two genetic models described highlight a dual role for
Zfp516 in controlling the development of brown tissue and also
in the modulation of beige fat cells function in adult mice.

P107

To characterize novel transcriptional regulators involved in the
commitment of stem cells toward the adipocyte lineage, Scime
and colleagues (31) investigated the role of the Rb family member
p107, previously shown to modulate white adipocyte differentia-
tion through its repression of PGCla (32). The expression of p107
appeared to be tightly controlled given that it was found to be
expressed selectively in white fat stem cells but completely absent
from those giving rise to brown fat. Loss-of-function studies
demonstrated that p107 ablation is permissive for the formation
of brown fat adipocytes and required for PRDM16-mediated
brown fat programing of mesenchymal stem cells. Additional
studies will determine the specific mechanisms through which
this transcriptional corepressor ultimately influences brown
versus white fate choices.

Ewing Sarcoma

The group of Sean Lee recently demonstrated an unexpected,
novel role for the Ewing Sarcoma (EWS) factor in brown fat
biology (33). Park and colleagues showed that in the absence
of EWS, pups die within 24 h after their birth and that the only
pathological abnormality they manifest is a marked reduction in
brown fat tissue. Histological analysis of the presumptive BAT
present in these embryos revealed reduced UCP1 staining, loss
of the characteristic multilocular lipid droplet phenotype and
molecular studies demonstrated decreased levels of factors such
as PGCla and PRDM16. Analysis of brown adipocyte differen-
tiation in immortalized preadipocytes generated from EWS WT
and null newborn pups showed that EWS null cells are unable
to differentiate when treated with a differentiation-inducing
cocktail. To gain further clues to mechanistically define how EWS
affects differentiation, the authors studied the patterns of gene
expression in WT and EWS null cells and observed that EWS
deficiency affected the mRNA levels of the gene encoding for
the bone morphogenic protein 7 (BMP7), as well as for CEBPf
during the initial stages of differentiation. Specific analysis of the
effects of EWS on the expression of this cell fate determination
factor revealed that EWS occupies the BMP7 promoter when
in a complex with YBX1, a multifunctional protein involved in
both transcription and translation. Complementation studies
employing exogenous BMP7 restored differentiation in EWS null
cells demonstrating that lack of BMP7 constituted their differen-
tiation block. To assess whether lack of EWS would affect beige
cells function, the authors studied EWS heterozygous mice and
showed that they have significantly reduced beige gene activation
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in response to rosiglitazone and p-adrenergic stimulation. These
studies demonstrate novel tissue-specific functions of EWS as a
brown fat determination factor through the control of the early
cell fate steps involving the activation of BMP7 and suggest a
possible role in EWS in the activation of beige cells in response
to pharmacological treatment. Studies of fat tissue conditional
animal models will permit the assessment of the contribution of
EWS on mature brown fat functionality.

Foxa3

To specifically identify novel transcriptional regulators involved
in early events regulating fat differentiation, Xu and colleagues
performed a genetic screen using a si-RNA library and assessed
the effects of knocking down the expression of each forkhead
protein on adipogenesis (34). This systematic analysis led to
the demonstration that the winged helix factor Foxa3 is a novel
modulator of adipocyte differentiation and of its function.
Analysis of WT and Foxa3 null mice revealed that the absence of
Foxa3 in vivo can decrease the expansion of the visceral adipose
tissue compartment in response to HFD but does not reduce
the enlargement of the subcutaneous fat tissue. This depot-
selective protection from the development of intra-abdominal
obesity during high-fat diet regimens (34) was associated with
improved insulin sensitivity. Analysis of the long-term effects of
Foxa3 deficiency on late onset metabolic dysfunction revealed
that mice lacking Foxa3 kept on a normal chow diet for more
than a year have increased browning of subcutaneous tissue,
as indicated by increased UCP1 staining in iWAT and elevated
expression of a number of classic thermogenic and lipid oxidation
genes in addition to beige specific markers such as Tbx1. These
morphological and gene expression changes in iWAT, consistent
with the acquisition of a beige phenotype, were associated with
increased oxygen consumption (35). Analysis of Foxa3’s mode
of action indicated that Foxa3 controls calorie hoarding through
the upregulation of PPARY levels via transcriptional cooperation
with CEBPs, as revealed by coimmunoprecipitation and ChIP
studies demonstrating that CEBPs interact with Foxa3 at the
PPARy promoter. In addition, Foxa3 suppresses thermogenesis
in BAT and iWAT through interference with CREB-mediated
induction of PGCla expression. Analysis of the changes in
Foxa3 mRNA levels in response to HFD and during the course
of aging revealed that Foxa3 is fat depot-selectively induced in
response to nutritional and developmental cues. Specifically,
while diets rich in fat lead to increased Foxa3 mRNA levels only
in the visceral fat depot, and not in subcutaneous adipose tis-
sue, the aging process is associated with increased Foxa3 levels
most prominently in subcutaneous fat and in BAT. Given the
role that other Foxa family members have been shown to play as
pioneering factors on chromatin remodeling (36), it is plausible
that Foxa3 may exert its calorie hoarding function through a
number of other mechanisms in addition to those involving the
control of PPARy and PGCla and their downstream programs.
Ongoing studies in the laboratory are characterizing novel
Foxa3’s gene targets in distinct fat subtypes and unraveling the
signals regulating the unique pattern of expression of Foxa3 in
selected depots.

HSF1

To identify novel modulators of fat tissue browning, Ma and
colleagues used PGCla expression as a read-out and performed
an in silico screen of possible functional binding sites located
upstream of the PGCla promoter (37). This analysis led to the
identification of a putative heat shock motif (HSE) and studies
involving overexpression of HSF1, or HSF1 activation via its
agonists, in isolated cells and in vivo, demonstrated that HSF1
induces PGCla and that it can turn on a cascade of mitochon-
drial PGCla-dependent gene programs. ChIP assays revealed
that upon cold exposure, HSF1 occupies the heat shock ele-
ment present in the PGCla promoter in both BAT and iWAT,
and coimmunoprecipitation studies demonstrated that HSF1
physically interacts and functionally cooperates with PGCla in a
feed-forward regulatory loop on the PGCla promoter. Given the
in vitro evidence of HSF1 involvement in PGCla activation, it
was hypothesized that absence of HSF1 in vivo would bring about
abnormal metabolic functions. Analysis of the effects of ablation
of HSF1 on a number of parameters demonstrated that HSF1
KO mice are more sensitive to low temperatures. Furthermore,
morphological and molecular analysis of adipose tissues of
WT and HSF1 KO mice revealed increased lipid deposition in
BAT and iWAT of mice lacking HSF1, reduced UCP1 staining,
decreased UCP1 protein levels in inguinal fat tissues, and reduced
thermogenic and fB-oxidation expression programs, indicating
overall reduced brown and beige tissues functionality. Genetic
experiments involving gain-of-HSF1-function selectively in
iWAT and in muscle enabled through adenoviral-mediated
expression of HSF1 provided further confirmatory evidence that
HSF1 increases mitochondrial and thermogenic gene programs
and leads to elevation in energy consumption. Analysis of the
consequences of pharmacological activation of HSF1 during
high-fat diet via celastrol, a natural HSF1 agonist present in
herbal extracts used in Chinese medicine, revealed enhanced
subcutaneous fat browning, increased thermogenesis and energy
consumption, and reduced adipose tissue expansion, providing
a proof of concept that HSF1 may represent a possible target in
obesity prevention. Of note, it has been recently reported that
celastrol is also efficacious in inducing weight loss in obese mice
through a mechanisms involving appetite suppression via leptin
sensitization (38). Although it appears that celastrol prevents
and treats obesity through distinct pathways, the evidence that
obese mice treated with celastrol lose weight even when their
food intake is equalized to that of controls suggest that celastrol
may activate the HSF1 pathway and increase energy expenditure
also in obese states. Ongoing studies are dissecting genetically the
contribution of distinct organs to HSF1-mediated modulation of
energy expenditure and discriminating between HSF1 effects on
central regulatory signals and those on peripheral organs.

KLF11

Loft and colleagues in the Mandrup laboratory have recently
demonstrated a novel role for the Kruppel-like factor, KLF11,
in the control of browning of human adipocytes (39). KLF11,
also known as Mody 1, had been previously shown to regulate
pancreatic B-cell function and variants of this gene have been
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shown to be associated with diabetes. The Mandrup group has
now provided novel evidence that KLF11 is highly expressed in
beige cells and that it is a direct target of agonist liganded PPARYy.
This factor induces reprograming of beige cells in response to
TZDs through functional cooperation with PPARy and selective
activation of brown fat super-enhancers, suggesting a novel role
for KLF11 in the stabilization of the expression of beige gene
targets in human cells.

IRF4

Kong and colleagues in the Rosen group recently characterized
the interferon regulatory factor 4 (IRF4) as a transcriptional regu-
lator of adaptive thermogenesis (40). IRF4 had been previously
studied in the context of white adipocytes and shown to have an
anti-lipogenic activity through the control of genes such as adi-
pocyte triglyceride lipase and hormone-sensitive lipase (41). In
the new analysis, Kong and colleagues show that IRF4 is induced
by cold exposure in brown fat cells. This pattern of expression
prompted the assessment of the function of IRF4 also in BAT,
in addition to that previously described in white fat. Analysis of
brown fat-specific IRF4 transgenic mice demonstrated that IRF4
is sufficient to increase energy expenditure and to protect from
diet-induced obesity. IRF4 overexpressing mice show smaller
brown fat size, reduced lipid stores, and increased expression of
a selected number of genes involved in thermogenesis. Of note,
IRF4 overexpression induced browning in epididymal WAT but
not in iWAT. Conversely, selective ablation of IRF4 driven by the
UCP1 promoter was associated with reduced energy expendi-
ture, increased predisposition to diet induced obesity and cold
intolerance. Interestingly, in contrast to the selective “beigeing”
effects in epididymal WAT of IRF4 overexpressing mice, UCP1
promoter-driven ablation of IRF4 reduced beige cells in iWAT of
mice chronically exposed to low temperatures. Mechanistically,
IRF4 cooperates with PGCla, via reciprocal gene expression
regulation, direct protein—protein interaction and transcriptional
cooperation in the induction of thermogenic genes. These data
suggest that IRF4 coordinates heat generation by modulating
lipolysis in white fat and thermogenic gene expression programs
in brown and beige fat depots.

Zic 1

It has been recently suggested that Zic 1, a member of a family of
zinc finger factors of the cerebellum previously involved in a vari-
ety of developmental processes, may also play a role in brown fat
development and function. Zic 1 involvement in BAT biology was
initially suggested when it was identified as one of the top genes
differentially expressed in brown fat in comparison to white fat
(22). A number of studies have now provided evidence that Zic 1
expression is restricted to brown fat cells, even in undifferentiated
states, and that its levels are independent of changes in tempera-
tures and dietary states, proposing Zic 1 as a selective marker of
brown adipose tissue. In vitro analyses have only recently started
to address the function of this transcriptional regulator. Studies
performed by Nedergaard’s group have demonstrated that Zic
1 downregulation via knockdown is associated with blunted
UCP1 induction in response to norepinephrine stimulation
(42). Additional functional and physiological studies possibly

involving genetic mouse models with conditional modulation of
Zic 1 levels in brown fat will define more precisely whether Zic 1
is strictly required for BAT development or for its functionality
in adulthood or for both.

Zbtb16

To identify novel regulators of adaptive thermogenesis, Plaisier
and colleagues analyzed transcriptomes coordinately regulated
upon cold exposure in both BAT and muscle and identified
Zbtb16 among the most robustly expressed genes in these condi-
tions (43). Zbtb16 (also called PLZF) had previously emerged
from a genome-wide screen of genes modulating adipocyte
differentiation (44) and shown to suppress differentiation in L1
cells; however, no studies linked Zbtb16 to BAT function. In the
studies by Plaisier and colleagues, overexpression of Zbtb16 was
associated with increased expression of brown fat makers, such
as UCP1, PGCla, PPARaq, and mitochondrial and p-oxidation
genes. Detailed analysis of mitochondrial energetics revealed
increased respiration in cells, such as primary adipocytes and
C2C12 myoblasts, with overexpression of Zbtb16 and showed
increased mitochondrial biogenesis. Survey of the expression
of Zbtb16 in tissues such as white fat and heart of 100 different
mouse strains indicated that Zbtb16 levels inversely correlate
to metabolic traits, such as increased body weight and fat mass.
The generation and the detailed characterization of conditional
genetic models of this factor will aid in the definition of the physi-
ological function of Zbtb16 in brown and/or beige fat physiology.

THERMOGENESIS AND AGING

It has been reported that the aging process is associated with a
selective expansion and redistribution of white fat stores specifi-
cally in the visceral compartment and with progressive metabolic
decline (45). Evidence indicates that not only the amount of
thermogenic fat tissues decreases during the aging process due
to apoptosis but that its thermogenic functionality is reduced in
old animals and in aged humans due, at least in part, to decreased
sensitivity to f-adrenergic stimulation (46). Specifically in mice,
it has been observed that as they approach mid age, their brown
adipose tissue gradually involutes. It has been hypothesized
that the progressive atrophy observed may be endogenously
controlled and determined by the decrease in gonadal hormones,
known to support the viability and functionality of BAT in matu-
rity, and by the tight negative control exerted by cortisol (46).
Given the impact of brown fat and beige cells on energy balance,
preservation, and/or restoration of functional brown and beige
tissues may be an attractive strategy to protect from obesity and
metabolic disorders that arise at an old age (47); however, to date,
the main transcriptional switches that slow down, or accelerate,
the involution of this tissue during late life stages have not been
identified. Although the majority of the factors reviewed here
have been shown to affect either the development of thermogenic
tissues or their function in adult mice, only a few of them have
been fully characterized in mid age or older mice. Specifically, it
has been analyzed the long-term impact of the ablation PRDM16
specifically in the brown adipose lineage (Myf5-APRDM16) (26).
These studies revealed that 11-month-old Myf-APRDM16 KO
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FIGURE 1 | This illustration depicts the transcriptional regulators that have been shown to modulate in vivo brown fat tissue during organogenesis,
maturation, and involution. The blue triangle indicates the progressive loss of multilocular lipid content, thermogenic function, and UCP1 levels during aging, while
the yellow one indicates the increased whitening of BAT, composed of cells containing large lipid deposits, and atrophy observed in old mice.

mice have increased whitening of brown fat tissue and reduced
oxygen consumption levels; however, despite their decreased
energy output and dysfunctional BAT, they do not show increased
predisposition to obesity compared to age-matched WT controls.
It remains to be determined whether the absence of an obese
phenotype in these mice is animal model-dependent or whether
compensatory mechanisms counteract the accretion of white fat
stores in these mice. Indeed, given that PRDM3 offsets the effects
of PRDM16 ablation during early development, it is conceivable
that other factors, or other PRDM family members, may partly
complement and compensate for the loss of PRDM16 late in life.
Alternatively, it is possible that obesity would become evident
only at later stages in life due to small, cumulative effects on fat
stores. Nonetheless, metabolic studies of Myf-APRDM16 mice
older than 1 year or of old PRDM16 fat KO mice with impov-
erished beige cell contingent and measurement of longevity in
diverse PRDM16 KO and transgenic mice will better define the
role of PRDM16 in age-associated metabolic dysfunction and
lifespan extension.

Analysis of the metabolic profiles of WT and Foxa3 null mice have
provided supportive evidence that increasing beige fat cells in aging
may be beneficial in preventing metabolic dysfunction and even
extending life. In vivo ablation of Foxa3 was shown to be associated
with a lean phenotype, increased energy expenditure, and improved
insulin sensitivity in mice older than 1 year fed a normal chow diet
(35). The metabolic beneficial effects of Foxa3 ablation appeared to be
associated with increased browning of iWAT in 14-month-old mice.
In addition, it was observed that ablation of Foxa3 positively impacted
longevity contributing to lifespan extension. Analysis of gene expres-
sion revealed that Foxa3 levels are robustly upregulated selectively
in inguinal and brown fat depots in 14-month-old mice compared
to levels observed in young 2-month-old mice. Overall, the analysis
of the consequences of Foxa3 ablation in late life stages suggests that
Foxa3 may constitute a potential target to counteract aging and its
associated metabolic pathologies (Figure 1). These studies support
the idea that systematic metabolic profiling of knockout or transgenic
mice with altered expression of transcriptional regulators of brown
and beige fat during the aging process will permit a more detailed

mechanistic understanding of the impact of thermogenic tissues on
metabolic disorders that occur late in life.

It has been demonstrated that brown and beige thermogenic
cells increase energy expenditure and suggested that turning
on these cells to boost consumption may represent a successful
approach to combat the rampant obesity epidemic (8, 15). As we
improve our understanding of the key molecular switches that
can modulate thermogenesis, a number of questions remain to be
answered to fully exploit the therapeutic potential of these cells
in counteracting metabolic dysfunction at different life stages.
For example, it needs to be clarified how changes in hormonal
signals occurring during the aging process can contribute to the
progressive involution of brown fat tissue. Given some of the
reports suggesting that cortisol levels increase during aging (48),
assessing how steroid hormones may regulate the expression of
thermogenic effectors late in life could provide clues on some of
the mechanisms through which endogenous signals unable or
disable the functionality of brown and beige cells. Furthermore,
the generation of new animal models to allow the modulation
of the expression of specific transcriptional regulators in a
spatiotemporal-restricted manner - fat depot-selectively at an
old age — will be beneficial in determining which thermogenic
factors may be targeted to prevent the functional decay of brown
and beige fat cells shown to occur during the aging process.
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De novo formation of beige/brite adipocytes from progenitor cells contributes to the
thermogenic adaptation of adipose tissue and holds great potential for the therapeutic
remodeling of fat as a treatment for obesity. Despite the recent identification of several
factors regulating browning of white fat, there is a lack of physiological cell models for
the mechanistic investigation of progenitor-mediated beige/brite differentiation. We have
previously revealed prostacyclin (PGl.) as one of the few known endogenous extracellular
mediators promoting de novo beige/brite formation by relaying p-adrenergic stimulation
to the progenitor level. Here, we present a cell model based on murine primary progenitor
cells defined by markers previously shown to be relevant for in vivo browning, including
a simplified isolation procedure. We demonstrate the specific and broad induction of
thermogenic gene expression by PGl, signaling in the absence of lineage conversion,
and reveal the previously unidentified nuclear relocalization of the Ucp? gene locus in
association with transcriptional activation. By profiling the time course of the progenitor
response, we show that PGl, signaling promoted progenitor cell activation through cell
cycle and adhesion pathways prior to metabolic maturation toward an oxidative cell
phenotype. Our results highlight the importance of core progenitor activation pathways
for the recruitment of thermogenic cells and provide a resource for further mechanistic
investigation.

Keywords: beige/brite differentiation, adipocyte progenitors, prostacyclin, PGl,, adipocyte cell model, adipose
tissue remodeling, nuclear localization

Introduction

The abundance and activation of thermogenic adipocytes are associated with improved metabolic
health and protection from obesity, impaired glucose tolerance and dyslipidemia, at least as proven
in diverse mouse models (1). Along with the discovery of functional thermogenic adipocytes in
humans, this fact has potentiated research efforts toward understanding the biology of thermogenic
adipocytes (2, 3). Beyond classical brown adipose tissue (BAT) depots, thermogenic adipocytes can
be recruited and activated in other fat depots of rodents in the context of a tissue remodeling process
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from a lipid storing to an oxidative/thermogenic phenotype. The
recruitment of these so-called beige or brite adipocytes occurs
under conditions of prolonged cold exposure, 3-adrenoreceptor
agonist treatment, and possibly physical exercise and environ-
mental enrichment (2). The degree of recruitment has been
shown to depend on the anatomical location of the fat depots as
well as the genetic background.

The cellular origin of multilocular beige/brite adipocytes
expressing uncoupling protein-1 (Ucpl) has not been fully
determined. However, different mechanisms appear to occur
in parallel (1, 2). On the one hand, multiple reports described
the derivation of beige/brite adipocytes from unilocular “white-
appearing” adipocytes,implying a metabolic conversion (4-6). On
the other hand, a substantial proportion of beige/brite adipocytes
were shown to be recruited through adipogenic differentiation of
immature progenitor cells in vivo and in primary cultures (7-9).

The master signal driving thermogenic adipose tissue remod-
eling is provided by sympathetic nerves via norepinephrine (NE)
and p-adrenergic signaling (1, 10). We have previously described
cyclooxygenase (COX)-2-derived prostaglandins as some of the
very few endogenous mediators reported to act on progenitor
cells to promote beige/brite differentiation during pB-adrenergic
stimulation (8). We demonstrated that prostaglandin synthesis
was acutely increased in p-adrenergically stimulated adipose tis-
sue, and importantly, COX-2 function was required for browning
of white adipose tissue, a finding confirmed in an independent
report (11). Furthermore, we identified prostacyclin (PGIL,) as a
key prostaglandin downstream of COX-2. We could show that
signaling induced by the stable analog carbaprostacyclin (cPGIL,)
promoted beige/brite differentiation in mouse and human pri-
mary progenitor cells from white fat (8). PGL, can signal through
the Ptgir G-protein-coupled receptor as well as through direct
activation of all three members of the peroxisome proliferator-
activated receptor (Ppar) family (12, 13). We could show that the
full activation of the thermogenic program in progenitor cells as
well as in vivo was dependent on signaling through both the Ptgir
and Pparg receptors (8).

Despite the identification of a number of key regulatory nodes
required for browning (1), we are far from understanding the
signaling and transcriptional pathways regulating beige/brite dif-
ferentiation downstream of extracellular mediators. This is partly
due to the paucity of physiological cell models. Here, we describe
a cell model for beige/brite differentiation based on adipogenic
progenitors with defined surface markers and present a simplified
method for their prospective isolation. Furthermore, we profile
the cascade of progenitor cell responses to cPGI, throughout
differentiation and show that progenitor activation by cPGI, via
cell cycle and adhesion pathways precedes and synergizes with
cPGL,-induced metabolic maturation of beige/brite adipocytes.

Materials and Methods

Mice

Female NMRI mice (Charles River WIGA GmbH, Sulzfeld,
Germany) or C57BL/6N mice from bred in the internal facil-
ity were housed at ambient temperature with 12-h light-dark
cycle on chow (Kliba Nafag #3437, Provimi Kliba, Kaiseraugst,

Switzerland). Stromal-vascular fraction (SVF) FACS profiles were
not significantly different and beige/brite differentiation capacity
was comparable between the two strains across numerous-
independent experiments (data not shown). The RNA expres-
sion profiling data were obtained from NMRI cells. Animal
handling and experimentation were performed in accordance
with the European Union directives and the German animal
welfare act (Tierschutzgesetz) and approved by local authorities
(Regierungsprasidium Karlsruhe).

Adipose Tissue Digestion and SVF Preparation
Posterior subcutaneous adipose tissue (gluteal + inguinal) or
the brown part of the interscapular fat was dissected, minced
with scissors, and digested with 0.1 w.u./ml purified collagenase
(LS005273, Worthington Biochemical, Lakewood, NJ, USA) and
2.4 U/ml Neutral Protease (LS02104, Worthington Biochemical)
in Hank’s balanced salt solution (HBSS, Sigma-Aldrich, Munich,
Germany) containing 4 mM calcium chloride and 0.05 mg/ml
DNase I (1284932001, Roche Diagnostics, Grenzach-Wyhlen,
Germany) for 50 min at 37°C in a shaker. The suspensions were
strained through a 300 p mesh (4-1411, Neolab, Heidelberg,
Germany). Floating mature adipocytes and SVF were separated
by centrifugation at 145 X g for 10 min at 20°C. SVF cells were
washed, and centrifuged at 300 X g for 5 min at 20°C.

FACS Analysis/Sorting of SVF Cells

Stromal-vascular fraction single cell suspensions in D-PBS (Life
Technologies, Darmstadt, Germany) supplemented with 0.5%
BSA and 1 mM EDTA (Sigma-Aldrich) were preincubated with
FcBlock [anti-CD16/32 (93, eBioscience), Frankfurt, Germany]
for 10 min on ice. Cells were then incubated with Anti-Ter119
MicroBeads (130-049-901, Miltenyi Biotec, Bergisch Gladbach,
Germany) on ice for 15 min, to perform erythrocyte depletion
by magnetic-activated cell sorting (MACS®) with an OctoMACS
Separator according to the manufacturer’s instructions. The
flow-through was collected and stained with CD45-FITC
(30-F11, eBioscience), CD31-eFluor 450 (390, eBioscience),
CD29-PerCP-eFluor 710 (HMb1-1, eBioscience), CD34-Alexa
Fluor 647 (RAM34, BD Biosciences, Heidelberg, Germany),
Sca-1-Alexa Fluor 700 (D7, eBioscience), and CD140a(Pdgfra)-
biotin (APA5, eBioscience) for 30 min on ice, followed by staining
with streptavidin-PE-Cy7 (eBioscience). After antibody staining,
samples were washed and sorted with a BD FACS Aria (BD
Biosciences). Unstained cells as well as FMO stainings were used
as negative controls. Single-stained controls were used for com-
pensation. Data were analyzed using FlowJo software (FlowJo,
Ashland, OR, USA). Sorted cells were centrifuged at 300 X g for
5 min for further processing.

MACS® Cell Isolation

Stromal-vascular fraction single cell suspensions in D-PBS (Life
Technologies) supplemented with 0.5% BSA and 1 mM EDTA
(Sigma-Aldrich) were preincubated with FcBlock (anti-CD16/32
(93, eBioscience, Frankfurt, Germany) for 10 min on ice. Cells
were then stained with biotin-conjugated Ter119 (TER-119),
CD31 (390), and CD45 (30-F11) antibodies (eBioscience)
for 30 min on ice, washed and incubated with Streptavidin
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MicroBeads (130-048-102, Miltenyi Biotec) for magnetic
separation with an OctoMACS Separator according to the
manufacturer’s instructions. The flow-through (Lin~ cells) was
stained with Scal-PE-Cy7 (D7, eBioscience) for 30 min on ice,
washed and incubated with Anti-Cy7 MicroBeads (130-091-
652, Milenyi Biotec) for magnetic separation according to the
manufacturer’s instructions. The flow-through (Lin~Sca-1* cells)
was centrifuged at 300 X g for 5 min for further processing. Flow
cytometry for the assessment of recovery/purity was performed
on a FACScalibur (BD Biosciences). For the isolation of Lin~Sca*
cells without post-isolation flow cytometric analysis, Anti-Sca-1
MicroBeads (130-106-641) were used following the isolation
of Lin~ cells or alternatively, the Adipose Tissue Progenitor
Isolation Kit (130-106-639) on SVF isolated using the Adipose
Tissue Dissociation Kit (130-105-808) in combination with
the gentleMACS Octo Dissociator (130-096-427) (all Miltenyi
Biotec).

Cell Culture and Adipogenic Differentiation

Media and supplements were purchased from Life Technologies
(Darmstadt, DE) unless stated otherwise. Sorted (FACS or MACS)
cells were plated out on BIOCOAT Laminin-coated plates (BD
Biosciences) and maintained in DMEM plus 10% FCS, 1% peni-
cillin/streptomycin, and 10 ng/ml murine bFGF (R&D Systems,
Wiesbaden, DE) without passaging. Adipogenic differentiation
of confluent cells was performed in the presence of 1 pM cPGIL,
(BIOZOL, Eching, DE) throughout the course of differentiation
(unless otherwise indicated) or corresponding concentration of
ethanol as control (“white” cells). Media + c¢PGI, were replaced
daily with fresh. Differentiation was induced with medium con-
sisting of DMEM, 10% FCS, 1% penicillin/streptomycin, 1 pg/
ml insulin, 500 nM dexamethasone, 3 nM triiodothyronine (T3)
(Sigma-Aldrich) for 2 days. Subsequently, cells were cultured in
differentiation medium with 5% FCS lacking dexamethasone
for 5 days, and DMEM, 5% FCS, 1% penicillin/streptomycin for
1 day. Wherever indicated, 3 h before harvest of cultures, cells
received fresh medium with and without 0.5 pM NE (Sigma-
Aldrich) but omitting cPGL.

RNA Isolation and gRT-PCR Analysis

Cell lysis was performed in QIAZOL (QIAGEN, Hilden,
Germany), and RNA was prepared using the RNeasy micro kit
(QIAGEN) including DNase treatment. Reverse transcription
was performed with 0.1-1 pg total RNA and oligo(dT) prim-
ers using Superscript II (Life Technologies). Quantitative PCR
was performed with the TagMan Universal Master Mix II and
gene-specific Tagman probes on a StepOnePlus machine (Life
Technologies, Darmstadt, DE). Relative mRNA expression levels
were calculated with the AACt method and TATA-binding pro-
tein (Tbp) as a reference.

Microarray Expression Profiling

Preparation of biotin-labeled cRNA samples from 500 ng total
RNA, and hybridization on Illumina Mouse Sentrix-6 BeadChip
arrays (Illumina, San Diego, CA, USA) were performed accord-
ing to the manufacturer’ instructions. Scanning was performed
on a Beadstation array scanner (Illumina). The raw microarray

data are available in the ArrayExpress database' under accession
number E-MTAB-3693. Beads with a value >20 (bead level) were
selected, and outliers with values >2.5 median absolute devia-
tion (MAD) were removed. All remaining data points were used
for the calculation of the mean average signal for a given probe.
Intensity values were normalized by quantile normalization using
Chipster Software (CSC, Espoo, Finland). Probe annotation was
according to MouseWG-6_V2_0_R1_11278593_A. Principal
component analysis was performed with TM4 MeV software
on log2-transformed values using median centering (14). Two-
group significance tests as indicated were performed in Chipster
without pre-filtering of probes on log2-transformed values
(empirical Bayes with Bonferroni-Holm p-value adjustment).
Gene set enrichment analysis [GSEA (15)] was performed on
the complete probe dataset based on the MouseWG-6_V1_1_
R4_11234304_A annotation. The following gene set collections
from the Molecular Signatures Database (MSigDB)* were used:
The c2.cp.kegg.v3.0.symbols.gmt gene set collection, derived
from http://www.genome.jp/kegg/pathway.html, and the c3.tft.
v3.0.symbols.gmt gene set collection, in with gene sets contain
genes that share a transcription factor binding site defined in
the TRANSFAC database®. The following key parameters were
applied: permutation type = phenotype (1000x), enrichment
statistic = weighted, metric for ranking genes = Signal2Noise,
normalization mode = meandiv. Gene Sets were ranked by the
false discovery rate.

DNA-Fluorescence In situ Hybridization

Glass cover slips (HECH1001/12, Karl Hecht, Sondheim,
Germany) were coated with 4 pg/cm? laminin (Santa Cruz
Biotechnology, Heidelberg, Germany) for 1 h at 37°C and washed
with DMEM. Freshly isolated progenitor cells (see above) were
plated on glass cover slips in growth and differentiation media,
as described above. Cells were fixed at the indicated time points
with fresh 4% paraformaldehyde. DNA-fluorescence in situ
hybridization (FISH) experiments were performed, as previously
described (16). DNA from BAC clones MSG01-182C14 for Ucpl
and RP24-238M20 for PumI purchased from DNA Bank, RIKEN
and BACPAC C.H.O.R.I. Center, (USA), respectively, was directly
labeled using nick translation (BioPrime DNA Labeling System,
Life Technologies, Saint Aubin, France) by incorporation of
fluorochrome-conjugated nucleotidesChromaTide® AlexaFluor®
488-5-dUTP (Life Technologies) for Ucpl and Atto647N-
dUTP-NT (Jena Biosciences, Jena, Germany) for Puml. One
hundred nanogram of each labeled DNA probe together with
7 pg Cot-1 mouse DNA and 5 pg sonicated salmon sperm DNA
were used per coverslip. Cells were examined by Nikon Ti-E/B
epifluorescence microscope, equipped with a HG Intensilight®
illumination source, a CCD Orca R2 camera (Hamamatsu®) and
imaged through an NIKON oil-immersion objective 60X (Plan
APO 1.4). The devices were controlled by NIS-elements® 3.2.
Three-dimensional images were captured at 200 nm intervals in
the z-axis, using an objective fitted with a piezo nano Z100 Ti.

'www.ebi.ac.uk/arrayexpress
Zhttp://www.broadinstitute.org/gsea/msigdb/index.jsp
*http://www.gene-regulation.com/
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Analysis of nuclear position of the detected fluorescent signals
was performed using NEMO software (17). The radial localiza-
tions of loci were then calculated in Microsoft Excel. Three shells
of equal area eroded from the center (shell 1) to the periphery
(shell 3) of the nucleus were used. Images from 30 to 50 nuclei
were analyzed in each experiment. Finally, the images were
processed using Adobe Photoshop.

EdU Incorporation Analysis

Cells were incubated with 10 pM 5-ethynyl-2-deoxyuridine
(EdU) in their normal medium for 1 h, trypsinized and washed.
Fixation (4% paraformaldehyde, 15 min), permeabilization and
the Click-it reaction for AlexaFluor647 labeling were performed
using the Click-iT® Plus EAU Flow Cytometry Assay Kit (Life
Technologies, Darmstadt, Germany). Cells were treated with
FxCycle™PI/RNase Staining Solution (Life Technologies)
and analyzed on a FACSCalibur (BD Biosciences, Heidelberg,
Germany).

Statistical Analysis

Plots depict means and SEM unless otherwise indicated. The cor-
responding test and significance level are indicated in the figure
legends. Gene expression data were tested in the log-scale for
approximation of normality. Two-way ANOVA was applied with
Bonferroni post hoc pairwise test. One-way ANOVA was applied
with Tukey post hoc pairwise test. Two-sided ¢-test was applied
for two-group experiments. The statistical significance of differ-
ences in nuclear radial localization (FISH) was assessed using the
chi-square ()?) test to examine the null hypothesis that the foci
exhibit the same radial distribution in both treatments (cPGIL, vs.
Control). A p-value <0.05 was considered statistically significant.

Results

cPGl. Broadly and Specifically Induces the
Thermogenic Gene Expression Program in
Lin-CD29+CD34+Sca-1+Pdgfra* Progenitors
Without Lineage Conversion

We have previously demonstrated that beige/brite differentiation
can be efficiently induced by cPGIL, a stable analog of PGL, in
Lin(Ter119/CD31/CD45)~CD29*CD34*Sca-1* cells isolated by
FACS from subcutaneous tissue (8). This population has been shown
to contain all adipogenic cells in the SVF (18). Genetic lineage trac-
ing in vivo has revealed that expression of Platelet-derived growth
factor receptor a (Pdgfra) marks progenitors with both beige/
brite and white adipogenic potential (7, 19). Importantly, it is the
only marker proven so far by genetic lineage tracing to be broadly
expressed in beige/brite progenitors in vivo. In accordance with
Berry et al., we could confirm that the majority of the Lin-CD29*
CD34%Sca-1* population (>90%) was positive for Pdgfra expression
(Figures SIA-C in Supplementary Material) (19), implying that it is
likely to include most immature beige/brite progenitor cells.

In order to obtain a global picture of the differentiation
phenotype induced by cPGI, in progenitor cells, we performed
time course expression profiling of Lin"CD29*CD34*Sca-1* cells
stimulated with cPGI, under adipogenic conditions. As shown
previously, c¢PGI, robustly induced the thermogenic/brown

adipocyte marker genes UcpI and Cidea after 8 days of differentia-
tion (Figures 1A,B) (8). Ucp1 expression could be super-activated
by NE, demonstrating the responsiveness of cPGI,-treated cells to
this thermogenic inducer. Notably, expression levels of UcpI and
Cidea were comparable to adipocytes differentiated from Lin~
CD29*CD34%Sca-1* cells from interscapular BAT (Figures 1A,B).
cPGI, has been proposed to promote adipogenic differentiation
(20). However, in our primary cell model, most adipogenic
marker genes include Adiponectin (Adipoq) and Resistin (Retn)
were not or only modestly and inconsistently induced by cPGIL,
(Figures S2A,B in Supplementary Material, and data not shown).

We next performed GSEA (15) to examine the biological path-
ways induced in cPGI,-treated cells at 8 days of differentiation in
an unbiased fashion. Figures 1C,D illustrate the enrichment of
genes involved in oxidative phosphorylation and the PPAR sign-
aling pathway, respectively, in the fraction of genes up-regulated
by cPGL. The oxidative phosphorylation gene set contains all
the subunit genes of the respiratory chain complexes, and their
upregulation by cPGI, is consistent with mitochondrial biogen-
esis and thermogenic differentiation. The upregulation of PPAR
signaling pathway genes confirms the essential function of PPAR
nuclear receptors downstream of cPGI, (8). The top 10 most
significantly enriched pathways from 159 KEGG pathways in the
cPGIL,-up-regulated gene fraction included oxidative phospho-
rylation, TCA cycle, fatty acid metabolism, and other metabolic
pathways (Table 1). This result demonstrates that differentiation
toward an oxidative adipocyte phenotype is the main and specific
response of progenitors to prolonged cPGI, treatment.

The question remained as to the extent to which the cPGL-
induced cell phenotype resembles a classical brown adipocyte
phenotype. To this end, we performed principal component

TABLE 1 | Top 10 most significantly enriched gene sets in the cPGl.-up-
regulated gene fraction following 8 days of progenitor differentiation.

Gene set name? Size Enrichment FDR
score® g-value
KEGG_PARKINSONS_DISEASE® 87 0.77 <0.0001
KEGG_OXIDATIVE_ 89 0.77 <0.0001
PHOSPHORYLATION
KEGG_HUNTINGTONS_DISEASE® 129 0.67 <0.0001
KEGG_PEROXISOME 57 0.74 <0.0001
KEGG_ALZHEIMERS_DISEASE® 121 0.64 <0.0001
KEGG_CITRATE_CYCLE_TCA_ 25 0.82 <0.0001
CYCLE
KEGG_FATTY_ACID_METABOLISM 35 0.72 0.0001
KEGG_PPAR_SIGNALING_PATHWAY 54 0.67 0.0001
KEGG_VALINE_LEUCINE_AND_ 40 0.65 0.001
ISOLEUCINE_DEGRADATION
KEGG_FRUCTOSE_AND_ 22 0.72 0.0026

MANNOSE_METABOLISM

aLin-CD29+*CD34+Sca-1+* cells were cultured in adipogenic media + cPGl for 8 days.
RNA expression profiling was performed with lllumina beadchip arrays (n = 3). Global
expression profiles (cPGlz vs. Control) were subjected to gene set enrichment analysis
(GSEA) with the KEGG pathway gene set collection. Gene sets were ranked by the
False Discovery Rate (FDR) q-value reflecting significance.

bMaximum of the corresponding enrichment score curve.

°The indicated gene sets are overlapping >50% with the KEGG_OXIDATIVE_
PHOSPHORYLATION gene set.
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FIGURE 2 | Late non-linear upregulation of Ucp1 expression by cPGl. and associated late nuclear relocalization of the Ucp1 gene locus.
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FIGURE 2 | Continued

Lin-CD29+CD34+Sca-1+ cells were cultured in adipogenic media + cPGl.. (A,B)
RNA was obtained at the indicated time points for expression profiling with
lllumina beadchip arrays (n = 3). Normalized signal intensities for the indicated
genes/probes are shown (asterisks indicate Bonferroni cPGl, vs. Control

*p < 0.05, ***p < 0.0001). (C-L) Cells were fixed for 3D nuclear architecture-
preserving DNA-FISH analysis in the undifferentiated state (0 h) (C) and at 24 h
(D,E) or 6 days (F,G) of differentiation with (E,G) or without (D,F) cPGl.. Cells
from interscapular BAT (without cPGl,) were analyzed at O h or 8 days (H,l). The

Ucp1 gene locus (C-l) was detected using an AlexaFluor® 488-5-dUTP-labeled
probe (green) and the cells were stained with DAPI (blue). Representative images
of progenitor and adipocyte nuclei are shown (scale bar 10 pm). (J) For
quantitative analysis of Ucp1 localization, the nuclei were segmented into three
shells (Central/Intermediate/Peripheral). The distribution of Ucp1 loci under the
indicated conditions is shown (* indicates y? test cPGl. vs. Control p = 2.4 x 108,
n = 30-50). (K) Distribution of the Pum1 locus as detected in Figures S4B,C in
Supplementary Material. (L) Distribution of the Ucp1 locus in cells from
interscapular BAT (* indicates y? test 8 days vs. 0 h p = 4.8 x 107", n = 30-50).

analysis to compare global gene expression in cPGI,-treated and
control cells at day 8 as well as adipocytes from classical BAT-
derived progenitors. As a reference we included undifferentiated
progenitors from posterior subcutaneous fat (White d0). The three
types of mature adipocytes aligned with each other and separately
from undifferentiated cells on principal component 1 (PCl),
likely reflecting similar degrees of adipogenesis (Figure 1E).
PC2 mainly represents the differences between the adipocyte
types and reveals an intermediate phenotype of cPGI,-treated
cells between the white and brown cell phenotypes. To further
delineate this, we examined the expression pattern of cPGI,-
regulated genes in the comparison of classical brown vs. control
white adipocytes (without cPGI, treatment). One thousand seven
hundred ninety-three of 3589 cPGI,-regulated genes (cPGI, vs.
Control, p < 0.05 at day 8) were also differentially expressed in
brown vs. white/control adipocytes (p < 0.05). Remarkably, the
expression patterns were highly concordant in the two compari-
sons (Figure 1F), and this was not due to varying differentiation
efficiencies compared to white control cultures (Figure S3A in
Supplementary Material). In addition, there was no concordance
of cPGIL-dependent expression with the general adipogenic dif-
ferentiation program (day 8 vs. 0, Figure S3B in Supplementary
Material). Taken together, these results suggest that cPGI, broadly
promotes a brown-like gene expression program independently
of any effects on adipogenic differentiation.

To test whether cPGI, influences developmental lineage
commitment, we analyzed the expression of genes known to be
brown lineage-selective, but could not detect a consistent cPGIL,
effect on Ebf3, Lhx8, or Zicl (Figure 1G) (21, 22). In addition,
cPGI. did not consistently alter the expression of beige-selective
genes including Tnfrsf9 (CD137), Tbxl, Hoxc9, and Slc36a2
(Pat2) (22-24). Taken together, our findings suggest that cPGI,
promotes oxidative brown-like differentiation without inducing
a major lineage switch or enrichment.

Synergism of cPGl. Signaling During Progenitor
Activation and Beige/Brite Adipocyte Maturation
Results in the Late Activation of Ucp1
Transcription

Based on our results so far, it was not clear at which differentiation
stage cPGI, triggers progenitor browning. To address this, we first
examined the time course of induction of brown marker genes
in relation to the progress of adipogenesis. Whereas cPGI, did
not influence the linear upregulation of the adipogenic marker
resistin (Retn), the induction of Ucp1 by cPGI, began between day
2 and 4 of treatment, but displayed exponential kinetics indicat-
ing the involvement of synergistic cPGI, effects (Figures 2A,B).

The relocalization of gene loci away from the nuclear lamina
and toward the center of the nucleus has been shown to be associ-
ated with their transcriptional activation during differentiation
in mammalian cells (25-27). To gain more insight into the mode
and kinetics of transcriptional regulation of thermogenic genes by
cPGL, we asked whether nuclear localization of Ucpl correlates
with the induction of Ucp! transcription by cPGL. Nuclear struc-
ture-preserving 3D-FISH revealed that in the undifferentiated state
(0 h) the two Ucp1 alleles had peripheral or intermediate localiza-
tion in the majority of progenitor nuclei (Figures 2C,J). Induction
of differentiation and cPGI, treatment did not acutely alter this
localization pattern (24 h, Figures 2D,E,J). Within the subsequent
5 days of cPGI, treatment, the number and density of DAPI*is
chromocenters decreased, and remarkably, Ucp1 loci significantly
shifted toward the interior of the nuclei (Figures 2EG,J), correlat-
ing with the late transcriptional activation by cPGI, (Figure 2A).
To control the specificity of this finding, we examined the nuclear
localization of the Pumilio 1 (Pum1) gene locus, the expression
of which was not affected by differentiation or cPGI, treatment
(Figure S4A in Supplementary Material). In accordance with the
expression pattern, the nuclear localization of the PumI locus was
not altered by cPGI, (Figure 2K; Figures S4B,C in Supplementary
Material). In addition, we tested the nuclear localization of the Ucp1
locus in adipocytes derived from interscapular brown fat progeni-
tor cells, which express high levels of Ucpl mRNA without cPGI,
stimulation. Whereas undifferentiated BAT progenitors displayed
mainly intermediate/peripheral nuclear localization of Ucpl,
mature brown adipocytes had 46% central localization, which is
comparable to 43.3% in cPGL-treated adipocytes from subcutane-
ous white fat (Figures 2H,IL). Taken together, these results are in
line with a late transcriptional activation of Ucpl by cPGL.

Given the late upregulation of Ucpl expression by cPGL, we
sought to define the role of late vs. early cPGI, signaling. To define
the differentiation time window in which cPGIL stimulation
promotes beige/brite differentiation, we restricted the duration
of cPGI, treatment (Figures 3A,B). Neither the early nor the late
cPGI, stimulation was sufficient to induce the full activation of
Ucp1 and Cidea expression. Intriguingly, early cPGI, signaling dur-
ing progenitor commitment (day 0-2) synergized with late cPGI,
stimulation during maturation (day 3-8) in a non-additive man-
ner, highlighting an important role during progenitor activation.

cPGl; Induces Progenitor Activation Through
Cell Cycle and Adhesion Pathways Prior to
Metabolic Maturation

We next sought to determine the transcriptional pathways under-
lying the early progenitor response to cPGL. GSEA at 24 h of

Frontiers in Endocrinology | www.frontiersin.org

28

August 2015 | Volume 6 | Article 129


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org

Bayindir et al.

Progenitor activation pathways in browning

A 0 2 4 6 8
Days ; Ucp1
Control
cPGI2 N
OControl
EBNE
*#
0 50 100 150 200 250
Rel. mRNA levels
B
0 2 4 6 8 7
Days 4+ + Cidea
1.0
Control
cPGI2 w0

OControl
mNE

20
Rel. mRNA levels

30 40

FIGURE 3 | Synergism of cPGl. signaling during progenitor activation
and adipocyte maturation for the induction of thermogenic marker
genes. Lin"CD29+CD34+Sca-1+ cells were cultured in adipogenic media for
8 days. cPGl, was included in the media as indicated by the gray bars. Three
hours before harvest, cells were cultured + NE. RNA expression of Ucp1 (A)
and Cidea (B) was analyzed by gRT-PCR [* and * indicate Tukey p < 0.05 for
the respective group vs. Control (0-8 days) and vs. cPGl. (0-8 days),
respectively, n = 3].

cPGI, treatment using the KEGG pathway collection revealed the
marked enrichment of cell cycle and proliferation pathways in the
gene fraction up-regulated by cPGI, (Table 2; Figure 4A).
Furthermore, we applied GSEA with gene sets consisting of
genes which share specific conserved transcription factor motifs
in their promoter regions (15). In this way, we found that genes
with E2F1 motifs were highly up-regulated by cPGI, at 24 h
(Figure 4B). The transcription factor E2F1 is known to promote
G1-S cell cycle transition and S phase progression (28), and thus,
cPGI, may be inducing S phase gene expression, including DNA
replication genes, through modulation of E2F1 activity. To test
whether these cPGl,-mediated gene expression changes resulted
in transient progenitor proliferation at the onset of differentia-
tion, we pulse-labeled cells at 24 h of cPGI, treatment with the
nucleotide analog EAU and measured incorporation into genomic
DNA by flow cytometry (Figures 4D-F). Indeed, cPGI, caused a
significant increase in the proportion of EQU* cycling cells (from
5.1 to 9% within 1 h of labeling). Interestingly, the top 10 gene sets
from the KEGG pathway collection (GSEA) in the cPGI,-down-
regulated gene fraction at 24 h were dominated by cell adhesion
and cytoskeletal pathways (Table 2; Figure 4C), indicating that
cPGI, promotes changes in cell adhesion and morphology associ-
ated with progenitor activation in parallel to cell cycle effects.

TABLE 2 | Top 10 most significantly enriched gene sets in the cPGl.-up-
and down-regulated gene fraction at 24 h of progenitor differentiation.

Gene set name? Size Enrichment FDR
score g-value
ENRICHED IN THE cPGl,-UP-REGULATED GENE FRACTION
KEGG_DNA_REPLICATION 24 0.88 <0.0001
KEGG_HOMOLOGOUS _ 22 0.86 <0.0001
RECOMBINATION
KEGG_CELL_CYCLE 98 0.61 <0.0001
KEGG_SPLICEOSOME 71 0.65 <0.0001
KEGG_NUCLEOTIDE_EXCISION_ 31 0.73 <0.0001
REPAIR
KEGG_MISMATCH_REPAIR 15 0.85 <0.0001
KEGG_PYRIMIDINE_METABOLISM 73 0.6 0.0001
KEGG_BASE_EXCISION_REPAIR 25 0.72 0.0002
KEGG_NON_HOMOLOGOUS_END_ 12 0.74 0.0196
JOINING
KEGG_AUTOIMMUNE_THYROID_ 22 0.61 0.0276
DISEASE
ENRICHED IN THE cPGIl,-DOWNREGULATED GENE FRACTION
KEGG_FOCAL_ADHESION 157 -0.48 0.0032
KEGG_VASCULAR_SMOOTH_ 89 -0.51 0.0054
MUSCLE_CONTRACTION
KEGG_TIGHT_JUNCTION 88 -0.52 0.0043
KEGG_AXON_GUIDANCE 105 -0.46 0.0247
KEGG_REGULATION_OF_ACTIN_ 164 -0.43 0.0321
CYTOSKELETON
KEGG_LONG_TERM_DEPRESSION 58 -0.51 0.0288
KEGG_LEUKOCYTE_ 85 -0.46 0.0284
TRANSENDOTHELIAL_MIGRATION
KEGG_ADHERENS_JUNCTION 58 -0.51 0.0327
KEGG_ENDOCYTOSIS 117 -0.44 0.0371
KEGG_ECM_RECEPTOR_ 69 -0.47 0.0386

INTERACTION

aLin-CD29+*CD34*Sca-1+* cells were cultured in adipogenic media + cPGl for 24 h.
RNA expression profiling was performed with lllumina beadchip arrays (n = 3). Global
expression profiles (cPGl: vs. Control) were subjected to GSEA with the KEGG
pathway gene set collection. Gene sets were ranked by the False Discovery Rate (FDR)
q-value reflecting significance.

In order to determine the temporal order of progenitor
responses to cPGI, and their relation to the metabolic dif-
ferentiation toward the oxidative thermogenic phenotype, we
performed GSEA across the time course of cPGIL, treatment, i.e.,
cPGI, vs. Control at each time point (Figure 5A). Intriguingly,
the cytoskeletal and adhesion changes as well as the transient cell
cycle activation by c¢PGI, preceded the upregulation of oxida-
tive pathways including Ppar target genes. Taken together, our
findings suggest that the synergism between early and late cPGI,
signaling results from the early activation of progenitors and
priming for the later induction of oxidative/thermogenic genes
by cPGI, (Figure 5B).

A Simplified Method for the Prospective
Isolation of Defined Progenitors for Beige/Brite
Differentiation

Finally, we aimed at developing a more accessible method for
the isolation of progenitors with beige/brite potential based on
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adipogenic media + cPGl, for 24 h. (A-C) RNA was obtained for expression overrepresented at the top or bottom of the complete ranked gene list. (E,F)
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KEGG pathway [(A,C), see Table 2] or the transcription factor motif (B) cytometry (n = 3). Cells cultured without EJU served as negative control
gene set collections. Vertical bars represent the individual genes of the gene (D). The mean percentage of EdU* cells is shown (* indicates t-test cPGl.
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markers indicate significance (FDR g < 0.05). (B) Schematic summary of the
kinetics of progenitor cell responses to cPGl. as detected by gene expression
assays, GSEA and EdU incorporation analysis.

magnetic bead separation with few specific markers. Since Pdgfra
is the only currently known marker of beige/brite progenitors
proven by genetic lineage tracing, we assessed its potential as a
single marker for the prospective isolation of beige/brite pro-
genitors. As reported by others, Pdgfra expression was detect-
able in a fraction of Lin* cells, in particular, CD45* leukocytes
(Figures 6A,B) (19). Nevertheless, 76% of Pdgfra* cells were
Lin~. Importantly, though, only 36% of Lin~Pdgfra* cells were
CD34*Sca-1* and thereby adipogenic (Figure 6C). This expres-
sion pattern suggests that Pdgfra-based cell isolation would not
result in highly specific enrichment of adipogenic/beige/brite
progenitors.

We went on to assess the suitability of Sca-1 as a marker for
the enrichment of adipogenic cells includes beige/brite progeni-
tors, given that the majority of Lin"CD29*CD34*Scal* cells were
Pdgfra* (Figure SI in Supplementary Material). Seventy percent
of Sca-1* cells were Lin~, and the Lin~Sca-1* population contained
mainly Pdgfra* cells, which were CD34" to a high proportion
(54% of the Lin~Sca-1* population) (Figures 6D-F).

On this basis, we went on to develop a two-step magnetic sepa-
ration procedure with a negative selection of Lin* cells (erythroid

Ter119%, CD31* and CD45") followed by positive selection of
Sca-1% cells. This approach led to quantitative recovery of Sca-1*
cells with a purity of approximately 75% (Figure 6G). To confirm
that the Lin~Sca-1* MACS-purified cells retain the beige/brite adi-
pogenic potential compared to the Lin-CD29*CD34*Scal* popu-
lation, we cultured both cell isolates under adipogenic conditions
in the presence of cPGL,. We examined the expression of Ucpl,
Cidea, Cpt1b, and Cox8b, known thermogenic adipocyte markers
ranking within the 10 most significantly regulated genes in the
expression profiles (day 8 cPGI, vs. Control, adjusted p < 107°).
The expression of all markers increased markedly and to a similar
extent by cPGI, in both cell types (Figure 6H). Taken together,
we demonstrate the MACS-separated Lin~Sca-1* cells represent
a good approximation of the Lin"CD29"CD34*Scal*Pdgfra*
population retaining the capacity for the induction of beige/brite
differentiation.

Discussion

An increasing number of molecular factors have been established
as regulators of adipose tissue browning through the use of
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genetic mouse models (1). However, the investigation of the sign-
aling and transcriptional pathways downstream of physiological
mediators of progenitor-dependent beige/brite differentiation
has been hampered, partly by the paucity of appropriate cell
models. Our study contributes to this challenge in two ways. (a)
We present a cell model of beige/brite differentiation based on
defined primary adipose tissue progenitor cells and the physi-
ological inducer PGL. (b) Using time course expression profiling,
we dissect the cascade of progenitor cell responses during beige/
brite differentiation, and show that early progenitor activation
by cPGI, through cell cycle and morphology pathways precedes
and synergizes with the late upregulation of thermogenic gene
expression.

Although certain cell surface markers have been shown to
be preferentially expressed in beige progenitor cells and used
for their enrichment, we focused on markers based on previ-
ous lineage tracing evidence (7, 19, 22). So far, Pdgfra has been
the only marker shown by lineage tracing to be expressed in
beige/brite progenitors. However, we and others could show
that expression of Pdgfra is not restricted to adipogenic cells
(Figures 6A-C) (19). The Lin"CD29*CD34%Sca-1* popula-
tion, which was shown to contain the majority of adipogenic
cells, homogeneously expressed Pdgfra (Figures SIA-C in
Supplementary Material) (18, 19). On this basis, we used this
marker combination for FACS-isolation, and furthermore,
developed a simplified magnetic enrichment procedure yield-
ing cells with beige/brite potential comparable to FACS-isolated
cells (Figure 6). Of note, the simplified isolation method could
also be applicable for addressing questions related to general
(“white”) adipogenesis from defined progenitors, if cPGI, treat-
ment is omitted.

Wu et al. provided evidence for the existence of distinct
committed progenitors for white vs. beige/brite adipocytes (22).
Alternatively, bipotential white/beige progenitors have been
implicated in browning (7). Our cell model for the investigation
of beige/brite adipocyte recruitment from progenitors is appli-
cable to both hypotheses, as it is likely to include all adipogenic
cells including beige/brite progenitors. Notably, our data do not
indicate enrichment of beige/brite lineage cells or a lineage switch
by cPGL, (Figure 1G).

An emerging concept on the induction of progenitor responses
and adipose tissue browning suggests a key role of transient
inflammatory signals at the onset of the remodeling process
(29-31). In this light, the function of COX-2 and prostaglandins
in the recruitment of beige/brite adipocytes becomes evident. In
addition, the suitability of cPGIL, as a physiological inducer of
beige/brite differentiation is supported by the following facts. (i)
cPGI, caused broad and specific induction of the thermogenic
expression program without strong effects on general adipogen-
esis (Figure 1; Figures S2 and S3 in Supplementary Material;
Table 1). (ii) It is able to induce thermogenic marker genes in
primary human adipose tissue progenitors (8) as well as in the
human hMADS model (Ez- Amri, personal communication). (iii)
cPGL relays NE signaling to the progenitor level and activates
Ptgir-cAMP as well as Ppar pathways, which are central to ther-
mogenic differentiation (2, 8, 12, 13).

The induction of beige/brite differentiation by the Pparg agonist
rosiglitazone has been used for the initial definition of brite adi-
pogenesis (32). However, this inducer causes supra-physiological
activation of Pparg and potently promotes general adipogenesis,
which is the reason for its broad usage in adipogenic differentia-
tion media (33, 34). An alternative robust model for beige/brite
differentiation involves treatment of progenitors from white fat
with bone morphogenetic protein 7 (Bmp7), even though the
function of Bmp7 in browning in vivo remains to be solidified (35).

Time course profiling of the progenitor response to cPGI,
revealed that the upregulation of thermogenic genes occurred late
in the differentiation process (Figures 2 and 5). The late induction
was accompanied by a profound reorganization of the nuclear
architecture and relocalization of the UcpI gene locus from the
nuclear periphery to central territories, which to our knowledge
has not been reported previously. This relocalization was also
observed during the differentiation of adipocyte progenitors
from brown fat, implying a general functional relevance. Thus,
our cell model could serve the exploration of this novel potential
level of regulation of Ucpl expression.

Despite the late upregulation of thermogenic markers, we
could show that the full induction of these genes required the
synergistic action of early and late cPGI, signaling. Focusing on
the early cPGIL,-mediated transcriptional pathways, we detected
changes indicative of transient cPGL,-induced cell cycling at 24 h,
which was confirmed by EdU incorporation analysis (Figures 4
and 5; Table 2). Whereas mitotic clonal expansion has been
shown to play a role in adipogenesis, a link to beige/brite dif-
ferentiation has not been reported (36). Importantly, increased
cell cycling was not associated with increased adipogenesis
in cPGl,-treated cells (Figures 1 and 2; Figures S2 and S3 in
Supplementary Material). The mechanistic link between progeni-
tor cycling and the commitment to beige/brite differentiation is
currently under investigation. A connecting node could be the
retinoblastoma protein, the inactivation of which has been shown
to promote G1-S progression as well as thermogenic adipocyte
differentiation (37, 38). In addition to cell cycling, cPGI, affected
additional pathways related to progenitor activation, namely, the
early downregulation of cell adhesion and cytoskeletal pathways
(Figures 4 and 5; Table 2). Recently, the MRTF/SRF transcription
factors were implicated in the regulation of beige/brite differen-
tiation downstream of cytoskeletal changes (39). It is tempting
to speculate that cPGIL,-mediated morphological responses are
causally related to the priming of thermogenic gene expression.
Opverall, our results highlight the importance of core progenitor
activation and commitment pathways for the recruitment of
thermogenic cells.

According to current theory, beige/brite thermogenic adi-
pocytes can be recruited from immature progenitors as well as
from mature cells (2). Independently of the degree of contri-
bution of each path to physiological browning in rodents, the
proliferation capacity and plasticity of progenitor cells highlight
their potential for the therapeutic recruitment of thermogenic
cells in the context of metabolic disease. Understanding the
biology of primary adipocyte progenitor cells is a prerequisite
in this direction.
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Role of energy metabolism in the
brown fat gene program

Minwoo Nam and Marcus P. Cooper*
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In murine and human brown adipose tissue (BAT), mitochondria are powerful generators
of heat that safely metabolize fat, a feature that has great promise in the fight against obe-
sity and diabetes. Recent studies suggest that the actions of mitochondria extend beyond
their conventional role as generators of heat. There is mounting evidence that impaired
mitochondrial respiratory capacity is accompanied by attenuated expression of Ucp 7 and
other BAT-selective genes, implying that mitochondria exert transcriptional control over
the brown fat gene program. In this review, we discuss the current understanding of
brown fat mitochondria, their potential role in transcriptional control of the brown fat gene
program, and potential strategies to treat obesity in humans by leveraging thermogenesis
in brown adipocytes.

Keywords: brown fat, mitochondria, respiratory capacity, thermogenesis, brown fat gene program

Introduction

Brown fat is composed of thermogenic adipocytes that convert chemical energy to heat. Found in
homeothermic animals such as mammals, brown fat protects against cold stress. In neonates, brown
fat plays a critical role in thermoregulation. The thermogenic capacity of brown fat is attributed to
abundant mitochondria, which dissipates heat via uncoupling (1).

There are two types of thermogenic adipocytes: classical brown adipocytes and beige/brite
adipocytes. Classical brown adipocytes exhibit constitutive thermogenic capacity with large num-
bers of mitochondria. Developmentally programed brown fat, such as the rodent interscapular
depot, consists of these cells. Another type of thermogenic adipocytes is found in white fat.
These cells are recruited by thermogenic stimuli and in turn display comparable thermogenic
capacity to classical brown adipocytes. Due to these properties, they have been named beige/brite
(brown-in-white) adipocytes (1, 2).

Brown fat has unique genetic signatures that support its thermogenic function. Uncoupling
protein 1 (Ucpl), a key thermogenic protein, is highly expressed in brown fat. Cell death-inducing
DFFA-like effector (Cidea), a modulator of UCP1, and Type II iodothyronine deiodinase (Dio2),
an enzyme that converts T4 to active T3 within the tissue locally, are among major thermogenic
genes (3-5). Fatty acid oxidation (FAO) genes and electron transport chain (ETC) subunit genes
are also enriched (6). This transcriptional signature is in part determined by PR domain containing
16 (Prdm1l6), a determinant of brown fat, and peroxisome proliferator-activated receptor gamma
coactivator I-alpha (Ppargcla), a key coactivator of peroxisome proliferator-activated receptor
alpha (Ppara) and gamma (Pparg) (7, 8). The transcriptional network of the brown fat genes have
been reviewed elsewhere (9). Since many of the brown fat-selective genes regulate thermogenesis,
hereafter “the thermogenic gene program” and “the brown fat gene program” are reciprocally used.

Mitochondria play a central role in providing an energetic basis for thermogenesis in brown
fat. Brown fat mitochondria fulfill their duty as cellular powerhouses in the non-stimulated state.
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In sympathetically stimulated brown fat, UCP1 is rapidly activated
and uncouples electron transit and ATP production. Instead, the
chemical energy stored in the proton gradient is dissipated as
heat (10). Interestingly, several studies have demonstrated that
impaired mitochondrial respiratory capacity is accompanied by
attenuated expression of Ucpl and other brown adipose tissue
(BAT)-selective genes in classical brown adipocytes (11, 12). In
addition to a conventional role as generators of heat, this suggests
that brown fat mitochondria have an unappreciated role in regu-
lating genes involved in thermogenesis depending on the status
of respiratory capacity. Critical evaluation of these studies will
broaden our thoughts on mitochondria in brown fat. This review
summarizes the features of brown fat mitochondria and discusses
their potential role in transcriptional control of the brown fat gene
program and its therapeutic implications in humans.

Features of Brown Fat Mitochondria

Morphological Features

Brown fat mitochondria are dynamic organelles that meet the
thermogenic needs of the organism by regulating their number
and networking as well as their biochemical and ultrastructural
profile. Acute cold exposure (or activation with norepinephrine)
immediately promotes mitochondrial fission, an event that pre-
cedes and augments thermogenesis (13). Brown fat mitochon-
dria exhibit unique morphological features. Notably, brown fat
mitochondria are enlarged and densely packed with respiratory
units, resulting in dense cristae (14). The morphological features
of brown fat also differ across gender with females having larger
mitochondria and denser cristae (15). The density of brown fat
mitochondria is among the highest of any tissue (16). Even so,
chronic cold exposure increases mitochondrial mass even fur-
ther. This is mediated by catecholamines via 3-adrenergic signal-
ing, which increases PGC-1a., a transcriptional coactivator that
induces ERRo and NRF-1, culminating in increased mitochon-
drial mass (17-19).

Biochemical Features

Early biochemical and functional studies on brown fat mitochon-
dria in rodents revealed high cellular respiration but low ATP
synthase activity (20). This implied that pathway involving proton
leakage must underlie the basis of thermogenesis. Biochemical
studies identified that UCP1 constitutes the molecular basis for
enhanced proton leak (21). Interestingly, in larger mammals such
as lambs the abundance of ATP synthase is higher (22), presum-
ably because larger animals are less dependent on non-shivering
thermogenesis due to their smaller surface-to-volume ratio and
due to their increased capacity for shivering.

Long-chain free fatty acids (LCFAs) activate UCP1, while
purine nucleotides inhibit UCP1 (10). Intuitively, mobilization of
free fatty acids via B-adrenergic activation is coupled to UCP1
activation and heat production. Fedorenko et al. (23) reported
that UCP1 does not exhibit constitutive proton transport activity.
Instead, there is obligatory binding of LCFAs to UCP1, a process
that transfers protons associated with LCFA into the matrix via
a conformational change of UCP1. LCFAs can also overcome
inhibition by purine nucleotides. This is important because in the

basal state, there is no lipolysis and inhibition of UCP1 by purine
nucleotides will promote coupled ATP-generating respiration.

In theory, uncoupling should de-energize brown fat mitochon-
dria, culminating in an ATP crisis. ATP, however, is required for
the activation of fatty acids during uncoupling. Brown fat mito-
chondria circumvent this by increasing glycolysis as well as the
TCA cycle. Arsenite, an inhibitor of pyruvate dehydrogenase com-
plex (PDC) and o.-ketoglutarate dehydrogenase, depleted ATP in
norepinephrine-stimulated brown adipocytes, implying that the
TCA cycle is critical for maintaining ATP during thermogenesis
(24). Although succinyl-CoA synthetase primarily generates GTP,
this TCA enzyme complex can also generate ATP, a process which
may explain how the TCA cycle is critical for maintaining ATP in
brown fat (discussed further in Proteomical Features). Glycolysis
is an important source of ATP, too. Notably, hexokinase activity
increases fourfold in cold acclimated rats, achieving glycolytic
activity similar to liver (25).

Proteomical Features
Mass spectrometric analysis of brown fat mitochondria has
revealed striking proteomic difference compared with white fat
mitochondria (26). In fact, the proteomic profile of brown fat
mitochondria was most similar to that of skeletal muscle. Com-
pared with white fat mitochondria, there was an enrichment of
catabolic pathways including ETC, TCA cycle, and fatty acid
metabolism in brown fat mitochondria. Complexes I-IV are
present at higher levels, whereas complex V is present at lower
levels, a pattern favorable for thermogenesis. There is robust
expression of enzymes involved in the TCA cycle-ADP-forming
succinyl-CoA synthetase B subunit (A-SCS-B), pyruvate dehy-
drogenase kinase 4 (PDK4), and pyruvate dehydrogenase phos-
phatase regulatory subunit (PDPr). SCS converts succinyl-CoA
to succinate. This reaction is coupled to the formation of ATP
or GTP, which is determined by two different 8 subunits, ADP-
forming and GDP-forming. In mouse, rat, and human, metabol-
ically active tissues, such as brain and heart, express high lev-
els of ADP-forming subunits compared with GDP-forming sub-
units (27). Likewise, brown fat mitochondria may preferentially
use A-SCS-B to supply ATP, a feature that matches a role of
substrate-level phosphorylation in stimulated brown adipocytes.
During cold exposure, lipid uptake and lipogenesis replenish
fat stores that have been oxidized (28). Control of lipogenesis
during cold exposure is complex and partly regulated by pyru-
vate metabolism (29, 30). Pyruvate can be targeted for com-
plete oxidation by converting it into acetyl-CoA via the enzy-
matic action of PDC (31). Alternatively, inhibition of PDC by
PDK4 diverts pyruvate into glycerol, which is the backbone for
free fatty acid (FFA) esterification (31). An enzymatic com-
plex consisting of PDPr counteracts the action of PDK4, and
thus, targets pyruvate for complete oxidation (32, 33). In sum-
mary, opposing regulation by PDK4 and PDP may play a crit-
ical role in whether or not the brown adipocyte uses pyruvate
for lipogenesis (PDK4-mediated) or complete oxidation (PDPr-
mediated).

Fatty acids serve as major substrates for thermogenesis and they
activate UCP1 (10). In brown fat, there is a high expression of
enzymes involved in FAOQ, including short-, medium-, long-chain
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acyl-CoA dehydrogenases and 3-ketoacyl-CoA thiolase (26).
Long-chain fatty acids require a carnitine palmitoyltransferase
1B (CPT1B)-mediated carnitine shuttle for oxidation in mito-
chondria. Supporting a role for robust oxidative capacity in
brown fat, CPT1B is 50-fold higher in brown fat compared with
white fat (26). Brown fat may also exhibit metabolic flexibility
in fuel utilization. Highly expressed in brown fat, acetyl-CoA
synthetase 2-like (ACSS1) permits oxidation of ketone bod-
ies during starvation (26, 34, 35). Indeed, activity of ketone
body oxidizing enzymes in brown fat parallels that of the
heart (36).

Role of Energy Metabolism in the Brown
Fat Gene Program

Although manipulating regulators of mitochondrial biogenesis,
such as PGC-1 coactivators and ERRa, affects Ucpl expression,
those factors are also known to directly regulate transcription
of respiratory subunits (37), making it challenging to delineate
a direct relationship between respiratory capacity and the ther-
mogenic gene program per se. Here, we discuss approaches to
directly manipulate mitochondrial respiratory capacity and the
attendant effects on the brown fat genes, which are summarized in
Table 1.

Leucine-Rich Pentatricopeptide Repeat
Containing Motif (LRPPRC; also called
Leucine-Rich Protein 130 kDa, LRP130)

A potential role of mitochondrial respiratory capacity in the
brown fat gene program was reported in a study using LRPPRC-
deficient brown adipocytes (11). LRPPRC was originally iden-
tified as a causal protein in a rare neurological disorder called
Leigh Syndrome French Canadian variant (42). Initial stud-
ies using human fibroblasts identified defects in cytochrome ¢
oxidase deficiency; however, later studies using mouse mod-
els revealed that LRPPRC affects the expression of all mito-
chondrially encoded subunits of the ETC but their differen-
tial effects on respiratory complex activity related to cell type
(43-46). Brown adipocytes with depleted LRPPRC were notable
for impaired oxygen consumption but intact mitochondrial
density and PGC-1 coactivators, indicating a specific impair-
ment of respiratory capacity without altering mitochondrial
biogenesis (11).

LRPPRC-deficient brown adipocytes had a marked reduction
in brown fat-selective genes, including Ucp1 and Cidea, suggesting
a link between respiratory capacity and a basal expression of
certain brown fat genes (11). While LRRPRC is weakly expressed
in the nucleus, recent data show that the majority of LRPPRC is
localized to mitochondria and regulates mtDNA-encoded tran-
scripts across various species, suggesting that a nuclear role of
LRPPRC in the regulation of brown fat genes may be modest
and that the predominant effect is mediated by impaired cellular
respiration (44, 47-49). In addition, cAMP-mediated induction
of Ucpl was unaffected in LRPPRC-deficient brown adipocytes
(11). Given that PGC-1a. is responsible for this cAMP effect, it is
less likely that LRPPRC is an essential part of PGC-10 coactivator
complexes necessary for Ucpl expression. Furthermore, in human

TABLE 1 | Effects of manipulating mitochondrial respiratory capacity on the brown fat gene program.
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fibroblasts, deficiency of LRPPRC did not affect expression of
PGC-1a. target genes (50), implying that signals secondary to
impaired cellular respiration, not reduced nuclear expression of
LRPPRC, are likely important.

Cytochrome C Oxidase Subunit Vila Polypeptide
2-Like (COX7RP)

Recent work using COX7RP knockout mice provides direct evi-
dence for the role of respiratory capacity in the brown fat gene
program (12). In this study, COX7RP was identified as a novel
assembly factor for respiratory chain supercomplexes in mito-
chondria. ETC complexes are known to form supercomplexes,
consisting mainly of complex I, III, and IV (so-called respira-
some), which enhances respiratory activity (51). With reduced
oxygen consumption at a whole-body level, COX7RP KO mice
revealed hypertrophic and pale brown fat, generally indicative of
defective brown fat. More importantly, Ucp1 was severely reduced
in this dysmorphic brown fat. Microarray analysis also showed
a downregulation of several brown fat-enriched genes including
Dio2 and ElovI3. Expression of PGC-1 coactivators was decreased
but their downstream targets, such as Erra, Nrfl, and Tfam, were
unaltered, implying no significant impact on the PGC-1 coactiva-
tor network. All together, this study strongly suggests that respi-
ratory capacity dictates a retrograde signaling from mitochondria
to the nucleus regulating the brown fat gene program.

Transcription Factor A, Mitochondrial (TFAM)

One approach to genetically manipulate respiratory capacity is to
target components of the basal transcriptional machinery of mito-
chondrial DNA (mtDNA). Among them is TFAM, a key player
in mtDNA transcription and maintenance (52). Fabp4-Cre-driven
loss of TFAM led to diminished respiratory activity and a drop in
mtDNA copy number in brown and white fat (38). Paradoxically,
in those mice, brown fat showed enhanced respiratory capacity
as evidenced by increased oxygen consumption, FAO, and citrate
synthase activity. Although reduced in weight, this brown fat
had normal expression of brown fat genes. Similarly, brown fat
markers were intact in brown fat with Adipog-Cre-driven loss
of TFAM, which was accompanied by increased citrate synthase
activity (39). Therefore, it is likely that the unaltered brown fat
gene program in TFAM-deficient fat is ascribed to a compensatory
increase in respiratory capacity. Although not decisive, obser-
vations from adipose-specific TFAM knockout mice imply that
whole-cell respiratory capacity is monitored by an innate sensor
to dictate the brown fat gene program.

CRé6-Interacting Factor 1 (CRIF1)

CRIF1 is a mitochondrial protein that controls the translation
and insertion of mitochondrially encoded respiratory subunits
into the inner membrane (53). The activities of Complexes I, III,
and IV are abrogated by CRIF1 deficiency in mouse embryonic
fibroblasts (53). The severity of impaired respiratory capacity by
ablation of CRIF1 is evident in brain-specific and cardiac muscle-
specific knockout mice in which severe neurodegeneration and
premature death develop, respectively (53, 54). Adipose-specific
CRIF1 knockout mice (driven by Fabp4-Cre) show a develop-
mental defect in white fat, reduced body weight, and postnatal

death at week 3 (40). Brown fat in these mice is smaller in
size; however, histology is unremarkable and UCP1 expression
is normal. Because mice die by 3 weeks of age, it was not pos-
sible to assess the chronic effect of respiratory defects in brown
fat. Although mice with Adipog-Cre-driven deletion of CRIF1
were viable, data regarding the brown fat genes were not shown
(40). Even so, these data could suggest that impaired mitochon-
drial function does not influence brown adipocyte development.
Future studies will be necessary to address if mitochondrial func-
tion is critical for the maintenance of the brown fat program.
Finally, as mentioned for TFAM, the method by which cellular
respiration is disrupted may have differential effects on mito-
chondrial signaling and subsequent transcriptional events in the
nucleus.

LSD1 (Lysine-Specific Demethylase 1)

LSD1 demethylates mono- and di-methylated lysines (particularly
lysine 4 and 9 of histone H3) via the cofactor flavin adenosine
dinucleotide (FAD) (55). Ubiquitously expressed, LSD1 is essen-
tial for embryogenesis and tissue-specific differentiation (56). In
the study by Duteil et al. (41), LSD1 was newly identified as a
cold-, and PB3-adrenergic signaling-inducible protein in mouse
white fat. Ectopic expression of LSD1 further revealed that it
was sufficient to induce respiratory capacity through nuclear
respiratory factor 1 (NRF1) in white adipose cell lines. In addi-
tion, there was an activation of the brown fat gene program
including Prdm16, Ppargcla, and Ucpl in LSD1-overexpressing
white adipocytes. LSD1 transgenic mice confirmed these in vitro
findings. Interestingly, this browning effect was more robust in
subcutaneous white fat where beige adipocytes reside. However,
in brown fat of LSD1 transgenic mice, respiratory activity was
modestly increased and there were no significant changes in
the brown fat markers. These data suggest that augmented res-
piratory capacity may promote browning by stimulating beige
adipocytes.

Therapeutic Implications

There is an association between impaired brown fat function
and various animal models of obesity and diabetes, including
ob/ob mice, db/db mice, SHR/N-cp rats, and high-fat/high sucrose
(HFHS)-fed mice (57-61). A similar association has been reported
for human obesity (62-64). In the aforementioned murine models
of obesity and diabetes, there is “de-browning” of brown fat,
characterized by concomitant reduction in UCP1 protein, and res-
piratory complex activities (40, 53-56). Similar to classical brown
adipocytes, beige adipocytes exhibit this type of de-browning in
mice fed a high-fat diet, implying a shared mechanism for all
types of thermogenic adipocytes (65). As detailed earlier, several
models and systems have established a causal relationship between
mitochondrial respiratory capacity and transcription of genes
involved in thermogenesis. Impaired respiration in certain models
of obesity and diabetes may explain impaired transcription of
the thermogenic genes. In the future, altering respiratory capacity
may prove promising in restoring brown fat function in certain
forms of obesity and diabetes. Even if there are no effects on
transcriptional programs involved in thermogenesis, augmenting
respiratory capacity per se could still effectively protect against
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FIGURE 1 | Mitochondria exert transcriptional control over gene
programs involved in oxidative metabolism and thermogenesis.
Transcriptional control is dependent on mitochondrial respiratory capacity. In
this model, impaired respiratory capacity acts as a transcriptional checkpoint,
whereas augmented respiratory capacity acts as a transcriptional trigger. In
humans and mice, obesity is associated with reduced brown fat function. Our
model may explain the inverse association between respiratory capacity and
thermogenic gene expression in brown fat of certain obese mice (eg. ob/ob)
and perhaps obese humans.

obesity and diabetes by way of increased respiratory capacity,
which in turn would increase thermogenic capacity.

In humans and mice, cold exposure and B3-adrenergic agonists
activate brown fat to promote energy expenditure (10, 66—
68). Many adrenergic receptor (AR) agonists, including pan-
adrenergic (ephedrine) and P3-adrenergic (CL-316,243, etc.)
agonists, have been unsuccessful in humans due to either unde-
sirable cardiovascular effects, poor oral availability, or in the case
of CL 316,243, weak agonism for the human 33- AR (69). Recently,
a clinical study using a new class of 33-AR agonist increased
energy expenditure via brown fat-meditated thermogenesis (70).
Based on our review of the literature, the status of mitochon-
drial respiratory capacity may powerfully influence the outcome
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The worldwide epidemic of obesity and metabolic disorders is focusing the attention
of the scientific community on white adipose tissue (WAT) and its biology. This tissue
is characterized not only by its capability to change in size and shape but also by its
heterogeneity and versatility. WAT can be converted into brown fat-like tissue according
to different physiological and pathophysiological situations. The expression of uncou-
pling protein-1 in brown-like adipocytes changes their function from energy storage
to energy dissipation. This plasticity, named browning, was recently rediscovered and
convergent recent accounts, including in humans, have revived the idea of using these
oxidative cells to fight against metabolic diseases. Furthermore, recent reports suggest
that, beside the increased energy dissipation and thermogenesis that may have adverse
effects in situations such as cancer-associated cachexia and massive burns, browning
could be also considered as an adaptive stress response to high redox pressure and
to major stress that could help to maintain tissue homeostasis and integrity. The aim of
this review is to summarize the current knowledge concerning brown adipocytes and
the browning process and also to explore unexpected putative role(s) for these cells.
While it is important to find new browning inducers to limit energy stores and metabolic
diseases, it also appears crucial to develop new browning inhibitors to limit adverse
energy dissipation in wasting-associated syndromes.

Keywords: adipose tissue plasticity, adipocytes, redox, uncoupling protein-1, browning, stress

In the past, brown and white adipocytes were described as classically located in brown and white
fat, respectively. Although these cells shared the name of adipocytes, their functions were tradition-
ally opposed and those of brown adipocytes were strongly associated with the thermoregulation
process and energy dissipation. The first discoveries that brown adipocytes could be detected in
white fat were made in the 1980-1990s and revealed an unexpected plasticity of white adipose tissue
(WAT), largely driven by p3-agonist, at least in rodents (1-3) and dogs (4). Unfortunately, the lack of
efficiency of f3-agonist treatment in humans caused interest in this field to wane. However, in recent
years, the rediscovery of uncoupling protein-1 (UCP1)-expressing cells in white fat together with
the simultaneous demonstration of the presence of functional brown adipocytes in human adults
have been accompanied by very new insights into the developmental origins of the different types of
adipocytes. These ground breaking discoveries have completely changed our view on adipose tissue
plasticity and generated great enthusiasm associated with a huge number of publications in the
field, reporting unexpected results. The present review tries to summarize these recent findings and
discusses new perspectives concerning unexpected roles and functions of UCP1-expressing cells.

Frontiers in Endocrinology | www.frontiersin.org 43

October 2015 | Volume 6 | Article 158


http://www.frontiersin.org/Endocrinology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2015.00158&domain=pdf&date_stamp=2015-10-09
http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://dx.doi.org/10.3389/fendo.2015.00158
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:louis.casteilla@inserm.fr
http://dx.doi.org/10.3389/fendo.2015.00158
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00158/abstract
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00158/abstract
http://loop.frontiersin.org/people/279840/overview
http://loop.frontiersin.org/people/255225/overview
http://loop.frontiersin.org/people/239555/overview

Jeanson et al.

New emerging roles for browning

WHITE ADIPOCYTES, BROWN
ADIPOCYTES, AND ADIPOSE TISSUE
PLASTICITY: A HISTORICAL
PERSPECTIVE

White Adipocytes

Mature white adipocytes play a fundamental role in energy
homeostasis and constitute the main stores of energy in the form
of triglycerides (5). They display variable size (25-200 pm) and a
unilocular morphology. In addition to their metabolic functions,
white adipocytes have strong endocrine activity and secrete a
variety of molecules commonly called adipokines, highlighting
the fact that adipose tissue has interactions with other organs
in the body (6). These cells are mainly localized in WAT, which
are found at distinct anatomical sites. Subcutaneous and visceral
fat pads (mesenteric, perigonadal, perirenal, etc.) are classically
distinguished because the subcutaneous WAT has a protective
action whereas the visceral fat pad is thought to be more deleteri-
ous in the development of obesity and related metabolic diseases
(type II diabetes, cardiovascular disease, etc.) (7-9).

Brown Adipocytes and UCP1 Expression

Brown adipose tissue (BAT) contains brown adipocytes, which
are smaller (15-60 pm) than white adipocytes and have a multi-
locular morphology (5). Brown adipocytes are highly oxidative
cells that release energy as heat (10, 11) thanks to their high mito-
chondrial content and to the expression of UCP1. This protein,
inserted in the inner mitochondrial membrane, acts as a proton
channel and uncouples the production of ATP by ATP synthase
from respiratory chain functioning. This leads to the activation of
catabolism and subsequent heat production. This non-shivering
thermogenesis plays a key role in body temperature homeostasis
(10, 11) as definitively demonstrated by UCP1-deficient mice,
which are cold sensitive (12). Moreover, the presence of large
amounts of BAT in species like sheep or hibernates, which require
active thermogenesis to protect the new-born animals from cold
exposure on a snow-covered pasture in spring or to emerge from
hibernation, also argues that BAT evolved primarily to function
as a thermogenic system to maintain body temperature (11, 13).
BAT is more vascularized than WAT and is probably among the
most vascularized tissues of the body (14). Such vascularization
is required for the integrity of BAT. It was recently demonstrated
that reducing the vasculature specifically in adipose tissues
induced the whitening of BAT (15). In a temperate environ-
ment, UCP1 is inhibited by di- and triphosphate nucleotides.
During cold exposure, UCP1 is strongly and quickly activated
by the sympathetic nervous system (SNS) (16). The local release
of noradrenaline in BAT activates lipolysis, which induces the
release of free fatty acids. These constitute not only oxidative
substrates for brown adipocytes but also potent activators of
UCP1 (17-19). The same adrenergic stimulus up-regulates the
expression of UCP1 at the transcriptional level via activation of
the PKA-p38 mitogen-activated protein kinase signaling pathway
that induces the phosphorylation and activation of molecular
transactivators of UCP1 (19, 20). With increasing time of cold
exposure, SNS triggers a trophic response through activation of

mitochondriogenesis that also contributes to the increase of the
global thermogenic capacity of brown adipocytes (21). Recently,
noradrenaline has also been shown to induce the phosphorylation
of dynamin-related protein-1, which induces the fragmentation
of brown adipocyte mitochondria. This fragmentation promotes
uncoupling and mitochondrial depolarization (22). Lastly, in
addition to the activation of the thermogenic program of mature
brown adipocytes, noradrenaline also induces the proliferation
of brown progenitors through the stimulation of f1-adrenergic
receptors and their differentiation (23).

In addition to their role in maintaining body temperature,
brown fat cells possess strong oxidative potential and can thus
also burn excessive calories (11, 24-26). Transplantation of BAT
into the visceral cavity of mice fed with a high-fat diet or having
the ob/ob genetic background increases glucose tolerance and
improves insulin sensitivity (26, 27). However, UCP1-deficient
mice are not obese when kept at room temperature (21°C) (12).
The onset of obesity is only observed when these mice are housed
at thermal neutrality, exempt from any thermal stress (28). These
findings underscore the importance of thermogenesis in the
energy balance of homeothermic animals and can explain the dif-
ferent relative importance of diet-induced thermogenesis related
to BAT activity according to the developmental status or the spe-
cies (29). Because of their small size, rodents and many new-born
mammals are permanently in thermogenic deficit, which leads to
low grade but permanent BAT activation. Despite these limita-
tions, when brown fat cells are stimulated, they exhibit properties
that offer hope of new therapies as the cells constitute putative
targets in the fight against metabolic diseases such as diabetes
and obesity (30).

The beneficial effects of brown adipocytes on energy metabo-
lism are also due to their endocrine/paracrine activity (31). It has
long been known that brown adipocytes release triiodothyronine
from thyroxine by their deiodase activity, thus stimulating
their thermogenic capacity (32). More recently, the secretion of
fibroblast growth factor-21 (FGF21), besides vascular endothelial
growth factor, fibroblast growth factor-2, interleukin-6, and neu-
ral growth factor (31, 33-35), has been attracting much attention.
High levels of FGF21, a protein originally known to be produced
by the liver in response to fasting, are produced and secreted into
the bloodstream by BAT, especially during thermogenic activa-
tion (36). FGF21 acts on many tissues, including WAT, the liver,
pancreas, heart, or central nervous system (31). Furthermore,
some adipokines, such as leptin, adiponectin, and resistin,
formerly recognized as specifically secreted by white adipocytes
(37, 38), are also secreted by brown adipocytes. By analogy with
the term “adipokines” for proteins secreted by white adipocytes,
molecules secreted by brown adipocytes have sometimes been
referred to as “batokines” (26, 31).

Until the discovery of a third type of adipocyte, things were
very simple and focused on UCP1 only: the absence or presence
of UCP1 in an adipocyte defined the white or brown pheno-
type, respectively. Thus, many studies investigated the control
of UCP1 gene expression and first focused on catecholamines
and thiiodothyronine pathways (19, 39). In addition to cAMP-
dependent responsive element binding protein and thyroid hor-
mone receptor, other molecules, including CCAAT/enhancer
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binding protein-p transcription factor, retinoic acid receptor,
activating transcription factor-2, and peroxisome proliferator-
activated receptors gamma and alpha (PPARy and PPARa),
strongly up-regulate the expression of UCP1 at transcriptional
level (40, 41). Among all these regulatory proteins, PPARy plays
a pivotal role and mice having non-functional PPARy exhibit
brown adipocytes with a unilocular lipid droplet (looking like
white adipocytes!) and a decrease in UCP1 expression after
cold exposure (42). The presence of PPARY agonists, such as the
anti-diabetic agent rosiglitazone, is required for the expression
of UCP1 in adipocytes differentiated in primary culture (43).
Various co-regulators, such as peroxisome proliferator-activated
receptor coactivator-lae (PGC-1a) and the positive regulatory
domain containing-16 protein (PRDMI16) are also crucial.
The expression of PGC-1a is regulated by the PKA pathway
(44) and, in vitro as well as in vivo, overexpression of PGC-1la
induces the expression of UCP1 along with other mitochondrial
genes (45-47). In the same manner, specific overexpression of
PRDMLI6 in adipose tissue is sufficient to induce browning of
visceral adipose tissue (48). Furthermore, beside phosphoryla-
tion events that tightly control the activity of transcription fac-
tors and co-regulators, NAD*-dependent deacetylase sirtuin-1
deacetylates PPARy on two lysine residues, enabling PRDM16
recruitment and the subsequent activation of UCP1, in a rosigl-
itazone-dependent manner (49). It should be noted that none of
these molecular regulators are specific to brown adipocytes and
UCP1 expression. In particular, PPARy, which appears crucial
for the expression of UCP1, also has the great disadvantage of
promoting white adipocyte differentiation (50).

Adipose Tissue Plasticity: From

Brown to Brite

As early as 1984, Young et al. described the presence of UCP1-
expressing adipocytes in murine parametrial fat (1). This obser-
vation was more precisely described in later studies by Loncar (2)
and Cousin et al. (3). Such apparent tissue plasticity was found
to be strongly promoted after cold exposure or p3-adrenergic
agonist, including in dogs (4). The relative numbers of these
cells varies according to the fat pad. Subcutaneous WAT is more
likely to develop UCP1-expressing cells than other depots such as
mesenteric and perigonadic WAT. We therefore proposed a gradi-
ent in the plasticity of the different white fat pads similar to that
described for skeletal muscles, which are classified as glycolytic,
oxidative, and mixed fiber (3). Two non-exclusive hypotheses
could explain the emergence of UCP1-expressing adipocytes in
WAT: de novo differentiation from progenitors and/or transdif-
ferentiation of mature white into brown adipocytes (51). The
hypothesis of transdifferentiation is supported by several findings
demonstrating that there is neither an increase in DNA amount
nor a process of preadipocyte proliferation during acute cold
exposure in the peri-ovarian adipose tissue (52).

It is noteworthy that, for decades, UCP1-expressing cells in
white fat were considered as comparable to the classical brown
adipocytes present in a typical BAT depot, i.e., the interscapular
BAT. However, recent findings have strongly challenged this view
and demonstrated that these cells have distinct gene expression

profiles (53, 54) and different developmental origins (55-58).
UCP1-expressing adipocytes in white fat thus constitute a third
type of adipocytes, which have recently been named beige or brite
(brown in white) adipocytes (43, 54, 59, 60). The development of
these cells in WAT has been termed the browning process.

A NEW LOOK ON WAT HETEROGENEITY
AND PLASTICITY: ADIPOCYTES OF ALL
COLORS AND ORIGINS

It was long thought that white and brown adipocytes had a com-
mon progenitor but recent works have challenged this idea. A
first step came with the proposal that classical brown adipocytes,
and not brite adipocytes, derived from the paraxial mesoderm,
particularly the dermomyotome, and that they originated from
a precursor expressing myogenic transcription factor-5 (Myf5)
(55). The commitment of the bipotent progenitor to the brown
phenotype is controlled by members of the TGF-f superfamily,
such as BMP7 and the PRDM16-C/EBPp transcriptional com-
plex, which induce the expression of PPARy and PGC-la (41,
61, 62). The common developmental origin of muscle cells and
typical brown adipocytes is also supported by their very similar
transcriptional signature (53, 54) and the old observation of
the presence of glycogen stocks in brown adipocytes (63, 64).
Furthermore, the demonstration that human skeletal muscle
contains CD34 positive progenitor cells that can easily differenti-
ate into brown adipocytes is another argument in favor of the
link between brown adipocytes and skeletal muscle cells (65). The
common origin of both types of cells could also be related to their
metabolic activities, which are very close from a bioenergetics
point of view. Shivering thermogenesis in muscle corresponds
to the implementation of a futile cycle with a high rate of ATP
synthesis associated with a high rate of ATP consumption by
contraction processes. The resulting high oxidative catabolism
dissipates a large amount of energy as heat. In this case, the func-
tioning of ATP synthase resembles that of a mitochondrial proton
channel such as UCPI. From a somewhat provocative point of
view, brown adipocytes could be presented more as specialized
muscle cells than as specialized adipocytes. Whatever the fate of
such a hypothesis, this rather simplistic portrayal was quickly
complicated and the developmental origin of the different types
ofadipocytes does not appear to be as simple as initially proposed.
While brown adipocytes present in the interscapular BAT are
thought to derive from Myf5-positive progenitors, those present
in the brown perirenal and peri-aortic fat pads would originate
from a Myf5-negative progenitor (56). Furthermore, some white
and brite adipocytes could also emerge from Myf5-positive cells,
according to the nature of fat deposits (56, 58). To increase the
complexity further, it has been proposed that a subpopulation of
brite adipocytes derives from smooth muscle cell (66).

Like the developmental origin, the cell mechanism(s) at the
origin of the browning process in adults are not yet clear and
are still widely debated. Consistently with the transdifferentiation
hypothesis, a recent study using a transgenic mouse model with
permanent or temporary staining of UCP1-expressing cells, has
shown that some “phenotypically white” adipocytes can acquire
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a brite phenotype (i.e., displaying multilocular droplets together
with UCP1 expression) after cold exposure (67). Conversely, when
these mice were returned to 21°C, the brite adipocytes returned
to a white phenotype (i.e., unilocular droplet), reacquiring a brite
phenotype after re-exposure to cold (67). In apparent opposition
to this conclusion, another study has recently demonstrated that
beige adipocytes arise from de novo differentiation of precursors
(68). The browning mechanism would also rely on different
cell mechanisms according to the nature of the fat pad. While
UCP1-expressing adipocytes within subcutaneous WAT would
arise from the transdifferentiation phenomenon, those from the
epididymal fat pad would originate from the proliferation and
the differentiation of progenitor cells (69, 70). Adding to this
complexity, it should not be forgotten that non-stimulated brite
adipocytes could have a phenotype very close to that of the white
adipocyte. This phenotype homology could lead to a misinter-
pretation of browning as a white adipocyte transdifferentiation
when it could simply correspond to the activation of inactive
brite adipocytes. It is noteworthy that, whatever the intensity
of the stimuli, some unilocular white cells are totally refractory
to cell plasticity. This would also mean that different types of
unilocular cells lacking UCP1 expression could co-exist inside
the same fat pad.

The compilation of these findings shows the current confu-
sion, which is probably due to the underestimated complexity
of the system. It seems that there are several pathways and
developmental origins that give rise to unilocular UCPI nega-
tive adipocyte(s) and to multilocular UCP1 positive adipocyte(s),
without anyone knowing if cells having a similar apparent phe-
notype have the same functions and carry out the same regula-
tions. This also emphasizes the lack of relevant, robust tools to
identify and distinguish the different types of adipocytes because
the white adipocyte phenotype is defined by its lack of brite or
brown adipocyte markers, which is clearly insufficient. Although
a large number of markers specifically expressed in each type of
adipocytes or precursors have been proposed from gene expres-
sion profiling of isolated white, brown, and brite adipocytes
and/or from studies on whole adipose tissues, their validity is
currently under investigation (71). This kind of approach does
not really take account of the heterogeneity of cells inside the
tissues. Even in conditions of browning such as cold exposure,
brite adipocytes represent only a small proportion of the tissue
cells and this can lead to a biased view grouping white and brite
adipocytes together. It is therefore necessary to characterize the
different adipocytes in homogeneous cell populations. Also, we
cannot exclude the possibility that typical brown adipocytes
could co-exist with brite adipocytes in the same white fat pad
since brite adipocytes can co-exist with typical brown adipocytes
in typical brown fat pad.

UNEXPECTED BROWNING INDUCERS
REVEAL PUTATIVE NEW ROLES FOR
UCP1-EXPRESSING ADIPOCYTES

After the old failure of B3-agonist treatment in humans, the
discovery of functional brown fat in adult humans has revived

the research. Besides the adrenergic pathway that represents the
ancestral and best described activator of UCP1 expression and
in addition to thyroid hormones, several peptides have recently
been identified as browning inducers or inhibitors that cor-
respond to as many therapeutic targets. Several recent reviews
summarize the different regulators of the browning process (41,
72-74). We decided to focus on the unexpected physiological or
physio-pathological conditions recently found to regulate the
browning process and that highlight putative new functions for
these cells (Figure 1).

Browning as an Adaptive Element in

Redox Metabolism?

While an increasing number of agents have been reported to
stimulate browning as discussed, very few studies have inves-
tigated the role of the metabolic environment in the phenom-
enon. We recently demonstrated the unexpected role of redox
metabolites, such as lactate, in the browning process. Lactate,
which is a major product of anaerobic metabolism, promotes
WAT browning through its transport by the monocarboxylate
transporters (75). Lactate-induced browning is mediated
by a change in the intracellular redox state (Figure 2). The
transformation of lactate into pyruvate by lactate dehydroge-
nase B induces a higher NADH/NAD* ratio and modulation
of this ratio by different strategies modulates the expression
of UCP1 (75). As, in turn, uncoupling the ATP production
from the respiratory chain by high levels of UCP1 accelerates
the oxidation of NADH by the complex I, we postulate that
browning constitutes an adaptive mechanism to alleviate a
strong redox pressure (75) (Figure 2). The increased expres-
sion of the lactate-importing transporter during activation
of UCP1-expressing adipocytes, e.g., after cold exposure (75)
suggests that lactate could also be used as a substrate by these
cells. We postulate that, in the same way as for glucose and
triglyceride homeostasis, UCP1-expressing cells could regulate
plasma lactate levels and lactate metabolism. We propose
that there is a redox regulatory loop where lactate induces a
metabolic reprograming of adipocytes toward an uncoupled
oxidative phenotype that, in turn, favors lactate consumption
and dissipation.

This points to a totally new function for brite adipocytes and
extends the role of lactate as a signaling molecule in the brown-
ing field. This signaling pathway could also be involved in the
emergence of UCP1-expressing adipocytes in white fat during
obesity. WAT is an important producer of lactate in physiologi-
cal conditions (76, 77). It could be postulated that, in an obesity
context where large adipocytes are hypoxic, they could locally
produce large amounts of lactate that would stimulate the brown-
ing of neighboring white adipocytes and/or the recruitment of
brite progenitors that promote energy dissipation (77). This link
between browning and redox state is also emphasized by two
recent studies, demonstrating that UCP1 expression is strongly
controlled by different redox elements such as oxidative stress and
antioxidant defenses. Sestrins, stress-inducible proteins that limit
oxidative stress, inhibit UCP1 expression (78) while glutathione
deficit, one of the key elements of the cytosolic antioxidant
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FIGURE 1 | Classic and new regulators of browning. The induction of browning is classically described after cold exposure or high-fat diet and leads to the
generation of heat and energy dissipation. In this context, browning represents a relevant target to fight against metabolic diseases. More recently, unexpected
physiological or physio-pathological situations were also described as new browning inducers. These findings shed the light on putative and unexpected roles of
browning such as redox and oxidative stress dissipation and inflammation modulation. On the other hand, the automatic association with heat and energy
dissipation could appear as adverse side effects that will be necessary to control. The design of browning antagonists will be then relevant.

defenses, increases it (79). Oxidative stress and redox state thus
constitute new and important regulators of UCP1 expression.

Browning as a Non-Specific Stress

Response?

Three unexpected physiological or pathophysiological situations
were found to be associated with browning: exercise, cancer-
associated cachexia, and burns. Before our findings, physical
exercise had been shown to activate BAT and WAT browning
(80, 81). In addition to IL-6 (82), two muscle-derived hormones,
irisin and meteorin-like, are believed to mediate such effects
(80, 83). The expression and the impact of irisin in humans have
been strongly debated but its existence has been unequivocally
demonstrated by a recent study using tandem mass spectrometry
(84). Irisin is detectable in the blood of untrained persons during
exercise or exposure to low temperatures (84, 85). While some
studies have shown that irisin has no effect on the differentiation
of human preadipocytes toward the brite phenotype (86), others
have demonstrated that irisin activates the thermogenic activity
of preadipocytes extracted from human neck (87). Additional
signals, including lactate, whose plasma levels rise strongly dur-
ing physical activity, could also contribute to exercise-induced
UCP1 expression (75). The second situation, cachexia, is related
to physiopathology associated with wasting syndromes, such as

diabetes, sepsis, and cancer (88). It results in chronic inflammation
and severe weight loss associated with atrophy of fat deposits and
muscles. It is often associated with high plasma levels of lactate
and usually precedes the death of the patient (89). Several stud-
ies have demonstrated that cachexia induced by the injection of
cancer cells is associated with browning of WAT and an increase
in energy expenditure (90-92). Inflammation and, especially, the
production of interleukin-6 play a key role in this phenomenon
and the lack of interleukin-6 receptor blocks browning induced
by cancer cells (90). Parathyroid hormone-related protein may
also mediate cancer-cell-induced browning of WAT (91). Lastly,
in addition to exercise and cachexia, severe burns are associated
with hypermetabolic response, hyperthermia, and browning in
rodents and in humans (93, 94).

The role(s) of UCP1l-expressing cells in these different
conditions still remain to be unraveled. The fact that muscle
contraction during exercise promotes the emergence and activa-
tion of energy-dissipating and thermogenic cells does not seem
physiologically consistent with the energy conservation theory.
This discrepancy would be explained if muscle-derived signals
that induce browning could be shown to have evolved from
shivering-related muscle contraction (87). In this scenario, WAT
browning would represent a coherent and additive mechanism in
thermoregulation promoted by shivering. For cachexia, associ-
ated browning could constitute an adaptive thermoregulatory
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response to fight against the hypothermia associated with the
decrease of both fat insulation and heat-related muscle mass
observed during cachexia. Addressing this issue would require
these results to be reproduced at thermoneutrality, as illustrated
by the study conducted by Champigny et al. in starving conditions
(95). In this study, the authors found an up-regulation of UCP1
expression and brown adipocyte activation during starvation,
which are physiologically inconsistent (95). In fact, starvation-
induced UCP1 expression disappeared when mice were kept at
thermoneutrality, suggesting that UCP1 up-regulation was an
adaptive thermogenic response of rats to fight against the tem-
perature deficit associated with starvation-induced torpor (95).
Browning is always associated with thermoregulation responses
in these situations but could have adverse metabolic effects that
need to be controlled. For massive burn injury, browning would
be triggered by the large stress release of catecholamine and
inflammatory signals and would participate in the increase of the

whole body metabolic rate (94). In fact, the role of inflammatory
signals and cytokines on the browning process was first reported
during cold exposure (96). Cyclooxygenase-2, whose expression
is increased in WAT during cold exposure, is thought to trigger
the browning process through the synthesis of prostaglandins
E2 and 12 (97, 98). The link between prostaglandins and UCP1
is not new and it has been proposed that the natural ligand of
PPARY is prostaglandin PGJ2 (99). However, these results have
been questioned following the recent publication of the opposite
effect of prostaglandins E2 and F2a on the expression of UCP1
(100). Surprisingly, immune cells are involved in cold-induced
browning as eosinophils express and secrete interleukin-4 and
interleukin-13, which recruit alternative M2 macrophages in
the subcutaneous WAT during cold exposure (101). These
macrophages secrete catecholamines that induce browning.
The meteorin-like hormone secreted by both WAT and BAT
during cold exposure or during physical exercise has the same
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effect on eosinophils (83). At the same time, another group has
demonstrated that the activation by interleukin-33 of Group 2
innate lymphoid cells (ILC2s), known for their role in tissue
remodeling, could also induce the recruitment of eosinophils via
the release of interleukin-13 (102). ILC2s may also, in response
to interleukin-33, produce and secrete methionine-enkephalin,
a new browning inducer (103). Although all these mechanisms
were discovered in the context of cold exposure, it is reasonable to
speculate that any events able to activate ILC2s or eosinophils are
able to promote browning. Together with the fact that interferon
regulatory factor-4 controls UCP1 expression (104), these obser-
vations bring to light an undiscovered link between browning
and inflammation/immunity.

The consequences of the apparition of UCP1-expressing cells
in such inflammation- and injury-related scenarios currently
remain poorly understood but it is noteworthy that the common
point between all the situations is the notion of intense stress
and inflammation. For this reason, with the limits concerning
thermoregulation discussed previously and although these
fields are evolving rapidly, we can already assume that browning
could appear in any severe stress conditions. Whether these cells
have positive or negative effects on such stress and loss of tissue
homeostasis conditions is unknown (Figure 1). They could have
adverse effects through increased energy dissipation in wasting
syndromes and injury conditions but also could play positive roles
through unexpected functions such as redox and oxidative stress
dissipation, metabolite consumption, or even anti-inflammatory
actions. This is an underexplored scientific area that will remain
very open for the coming years.

PERSPECTIVES IN HUMANS

In humans, it has long been considered that BAT is only present
in neonates, with some exceptions such as patients suffering
from pheochromocytoma (105, 106) or workers exposed to
cold temperatures (107). Mainly localized in the interscapular
region like the main murine BAT depot, the BAT present
in new-born babies enables heat to be produced to combat
the thermal stress associated with birth. While this fat pad
disappears rapidly and is absent in human adults like in adult
sheep (13), some histological studies performed in the 1970s
claimed that human adults possessed some brown fat deposits
in additional zones, including around the kidney, heart, and
adrenal gland, and along the aorta and carotid (108). However,
these studies were unable to change the general opinion that
human adults did not possess BAT. Recently, this view has been
contradicted by medical imaging based on the measurement of
glucose uptake (using 18-fluorodesoxyglucose associated with
positron emission tomography-computed tomography) This
approach, widely used in oncology to detect tumors, when
associated with histological and immunocytochemistry stud-
ies, highlighted the presence of BAT in healthy human adults
(109-112). The activity of BAT is inversely correlated with body
mass index, suggesting that it could play arole in energy homeo-
stasis (109-112). Given their high oxidative potential and their

ability to consume nutrients such as glucose and triglycerides,
brown adipocytes in humans possess very attractive proper-
ties for fighting against metabolic diseases, including type II
diabetes and obesity (30). While molecular profiling studies
have shown that human brown adipocytes are very similar to
brite adipocytes described in mice (59, 113, 114), some others
claim that brown fat deposits in humans are made of a mixture
of brown and brite adipocytes, the differential distributions of
which appear to depend on their anatomical location, consist-
ently with our previous remarks. In the neck region, brown
adipocytes would be located deep within the tissues and
brite adipocytes rather at the surface (115, 116). The search
for brite progenitors in human WAT led to the discovery of
bipotent (white and brite) progenitors that expressed the tissue
non-specific alkaline phosphatase marker (117), while CD29
enabled the isolation of brown progenitors present in the deep
regions of the human neck (118). Among the putative targets
(72), we cannot ignore the p3-adrenergic pathway. Although
many efforts failed to find suitable compounds (119), new
pharmacological and genetic studies have revealed that target-
ing this pathway could be efficient (120-122). While PPARYy is
a very potent inducer of UCP1 expression, it also causes many
side effects, including body weight gain and cardiovascular
issues, that strongly impair its therapeutic use (50). One way to
bypass this issue would be to design a selective PPAR modula-
tor (123, 124). Recently, oral supplementation of the bile acid
chenodeoxycholic acid has been shown to activate BAT and to
increase whole body energy expenditure in humans, making
bile acids attractive candidates for counteracting obesity and
related metabolic diseases (125).

By contrast, recent works on inflammation and burns have
also revealed the bad and the ugly of browning as previously
described. While it is important to find new browning inducers to
limit energy stores and metabolic diseases, it also appears crucial
to develop new browning inhibitors to limit adverse energy dis-
sipation in wasting-associated syndromes.

CONCLUSION

All these recent discoveries constitute a very active field
attracting groups of scientists who are expert not only in
metabolism but also in immunology, development, cancer,
etc. This has shed new and unexpected light on brown and
brite adipocytes and has already given original insights into
the putative role of these cells. For the future, it is reasonable
to speculate that the story is not finished because this field
is now wide open and raises new questions and hypotheses,
keeping in mind the key ancestral role of UCP1 in thermo-
genesis and bioenergetics.
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Sestrin2, a regulator of
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" Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, MI, USA, ¢ Department of Cell Biology,
College of Medicine, Konyang University, Dagjeon, South Korea

Sestrin2 is a stress-inducible protein that functions as an antioxidant and inhibitor of
mTOR complex 1. In a recent study, we found that Sestrin2 overexpression in brown
adipocytes interfered with normal metabolism by reducing mitochondrial respiration
through the suppression of uncoupling protein 1 (UCP1) expression. The metabolic effects
of Sestrin2 in brown adipocytes were dependent on its antioxidant activity, and chem-
ical antioxidants produced similar effects in inhibiting UCP1-dependent thermogenesis.
These observations suggest that low levels of reactive oxygen species (ROS) in brown
adipocytes can actually be beneficial and necessary for proper metabolic homeostasis. In
addition, considering that Sestrins are ROS inducible and perform ROS detoxifying as well
as other metabolism-controlling functions, they are potential regulators of mitohormesis.
This is a concept in which overall beneficial effects result from low-level oxidative stress
stimuli, such as the ones induced by caloric restriction or physical exercise. In this
perspective, we incorporate our recent insight obtained from the Sestrin2 study toward
a better understanding of the relationship between ROS, Sestrin2, and mitochondrial
metabolism in the context of brown adipocyte physiology.

Keywords: Sestrin2, brown adipose tissue, mitochondria metabolism, thermogenesis, reactive oxygen species,
antioxidants, mitohormesis, aging

Introduction: Sestrins

Sestrins are a group of stress-inducible proteins, which are highly conserved across species and
have two distinct biologically active functions (1). First, they function as an antioxidant that
suppresses reactive oxygen species (ROS) accumulation (2, 3) through a poorly characterized
biochemical mechanism (4), which may involve regulation of antioxidant transcription factors
(5). Independently of this redox function, Sestrins also act as feedback inhibitors of mecha-
nistic target of rapamycin complex 1 (mTORC1) through activation of AMP-activated protein
kinase (AMPK) (6, 7) or through inhibition of Rag GTPases (8-11). Through these functions,
Sestrins have been shown to attenuate multiple age- and obesity-associated metabolic patholo-
gies, such as fat accumulation, glucose intolerance, insulin resistance, mitochondrial dysfunc-
tion, muscle degeneration, and cardiac malfunction (5-7, 12-15). Because the expression of
Sestrins is induced upon a variety of environmental stresses, such as DNA damage, oxida-
tive stress, and hypoxia (2), Sestrins are considered a mechanistic link between stress and
aging (16).
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ROS as Signaling Molecules

Reactive oxygen species are a group of free oxygen radicals and
reactive non-radicals, such as superoxide (O, ), hydroxyl radical
(OH'), nitric oxide (NO’), and hydrogen peroxide (H,O,) (17—
19). In mammalian cells, ROS can be generated from various
sources, such as mitochondria, peroxisomes, and ROS-producing
cytosolic enzymes, such as NADPH oxidases (20-23). Under nor-
mal physiological conditions, the intracellular levels of ROS are
homeostatically controlled. However, aberrantly increased ROS
levels can damage intracellular organelles and critical macro-
molecules, such as proteins, DNA, and lipids. The ROS-induced
oxidative damage can contribute to the development of numer-
ous pathological disorders, such as cardiovascular disease, neu-
rodegenerative diseases, mitochondrial disease, obesity, diabetes,
cancer, and aging (24-30).

Although ROS were initially considered to be undesired
byproducts of metabolism (31), a modernized view of ROS has
emerged; ROS are now considered to be important signaling
molecules (32-35). ROS can control diverse signaling pathways,
including MAPK/ERK1/2 pathway (36, 37), PI3K/Akt pathway
(38, 39), IKK/NF-kB pathway (40-42), and p38 MAPK pathway
(43, 44), which are critically involved in cell growth, differenti-
ation, metabolism, and inflammation. Through these pathways,
ROS contribute to the maintenance of physiological homeostasis
in cells and tissues (45-49). These new findings support the con-
cept of mitohormesis, which explains how physiological ROS can
be beneficial to the cells and organism; ROS serve as sub-lethal
stressors that act as signaling molecules to induce endogenous
defense mechanisms, which ultimately improve mitochondrial
metabolism and promote stress resistance, metabolic health, and
longevity (50-52).

Role of ROS in BAT Metabolism

BAT is the organ mainly responsible for non-shivering thermoge-
nesis, which is mediated by uncoupling protein 1 (UCP1) (53-55).
UCP1 is the key protein for thermogenesis, which is specifically
induced in BAT upon exposure to cold temperature. Low tem-
peratures activate p38 MAPK by stimulating sympathetic neurons
and inducing cAMP accumulation in BAT (56-58). Activated
p38 MAPK subsequently activates several transcription factors,
such as ATF-2 and PGC-10, which induces UCP1 expression
in BAT (58, 59). By translocating into the mitochondrial inner
membrane and dissipating the proton gradient, UCP1 uncouples
mitochondrial respiration from ATP synthesis and generates heat
(53,60). UCP1-dependent thermogenesis in BAT increases energy
expenditure reduces body fat and improves metabolic homeostasis
(60, 61).

Chronic accumulation of ROS produced by dysfunctional
mitochondria may deteriorate the BAT metabolism (62, 63),
which can be one of the mechanisms of how aging and obesity
interferes with BAT metabolism (64-66). In this respect, suppress-
ing excessive ROS might be key to reinforcing BAT metabolism
against aging. Chemical antioxidants, artificial or naturally occur-
ring substances, serve to scavenge ROS, many of which are
byproducts of cellular metabolism, which when in excess can

cause oxidative damage and promote disease development and
aging (26, 32). Most cells utilize various antioxidant enzymes,
such as catalases, superoxide dismutases, glutathione peroxidases,
peroxiredoxins, and Sestrins, which serve to reduce the negative
consequences of ROS accumulation (3, 33, 67). We have recently
investigated the role of ROS in BAT metabolism through the use
of chemical antioxidants, such as butylated hydroxyanisole (BHA)
and N-acetylcysteine (NAC), as well as forced overexpression of
Sestrin2 (68).

Surprisingly, our recent results indicated that physiological lev-
els of ROS could also play a critical role in thermogenic processes
(68). BHA and NAC, as well as Sestrin2 overexpression, resulted
in a strong reduction of UCP1 expression in BAT. Subsequent
in vitro and in vivo studies showed that physiological ROS in BAT
potentiate cAMP-induced p38 MAPK activation, which medi-
ates cold-induced UCP1 expression. Correspondingly, Sestrin2-
overexpressing mice were unable to upregulate UCP1 or generate
heat in response to cold exposure. These results demonstrate that
ROS are critical for proper BAT metabolism. Therefore, prolonged
antioxidant treatment may interfere with thermogenesis and pos-
sibly other ROS-dependent physiological processes. This idea is
consistent with recent reports where administered antioxidants
had neutral or negative effects on health and life span in animals
and humans (69, 70).

Caloric Restriction and Physical Exercise
as Potential Inducers of ROS and
Mitohormesis

Caloric restriction, being defined as a reduction in ad [ibi-
tum calorie uptake, has been shown to extend life span in
a variety of organisms (71). Notably, emerging evidence indi-
cates that caloric restriction is capable of increasing mitochon-
drial metabolism, such as oxidative respiration, in yeast (72),
Caenorhabditis elegans (73) and Drosophila (74, 75). Increased
production of ROS as a consequence of increased mitochondrial
respiration has been suggested to be a critical regulator of life
span during caloric restriction (73, 76-79). Caloric restriction-
induced ROS can stimulate antioxidant defense mechanisms,
such as radical-scavenging enzymes, that mediate various mito-
hormetic responses (5, 73, 80-82). Carbohydrate-deficient diets
also increase oxidative metabolism, subsequently resulting in
enhanced ROS defense (83). Therefore, these recent studies sug-
gest that caloric restriction increases longevity at least partially
by inducing oxidative metabolism and a mitohormetic defense
system.

Physical exercise undoubtedly provides positive effects on
diverse diseases, such as obesity, type 2 diabetes, cardiovascular
disease, cancer, and general aging (84-88). Similar to caloric
restriction, exercise is capable of increasing mitochondrial biogen-
esis, oxidative metabolism, and mitochondrial ROS production
(89-92). Many studies propose that exercise-induced ROS con-
tributes to mitohormesis, which increases health span and mean
life span (93-97). Because co-treatment with antioxidants pre-
vented the beneficial mitohormetic response of physical exercise
(85, 98), physiological ROS produced by exercise was considered
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FIGURE 1 | Current model of the mitohormetic relationship between
ROS, Sestrin2, and mitochondrial thermogenesis. Under conditions of
excessive or decreased ROS, BAT thermogenesis is impaired. However, a
physiological level of ROS is able to maintain proper BAT metabolism. (A) In
cases where antioxidant activity is low, such as in the absence of Sestrin2, ROS
levels are upregulated. Excessive ROS may directly impair mitochondrial
homeostasis by direct damage to the organelle. In addition, Sestrin2 is critical
for mitochondrial biogenesis. Therefore, in the absence of Sestrin2, BAT
mitochondrial content is decreased as well as its thermogenic capacity.
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(B) When Sestrin2 is physiologically expressed, an adequate level of ROS is
produced to ensure proper p38 MAPK activation and UCP1 expression.
Physiological Sestrin2 expression promotes mitochondrial biogenesis, and the
mitohormetic mechanism conferred by Sestrin2 is necessary to maintain proper
BAT metabolism such as thermogenesis. (C) When Sestrin2 is overexpressed,
ROS are dramatically suppressed. Because ROS are critical for UCP1
expression in BAT, Sestrin2 overexpression decreases UCP1 expression.
Although mitochondrial biogenesis is enhanced by Sestrin2 overexpression,
decreased UCP1 expression prohibits proper thermogenesis in BAT.

critical for the benefits of exercise. Therefore, both caloric restric-
tion and exercise seem to utilize physiological ROS induction as
a means to induce antioxidant defense and promote the life and
health span of an organism.

Sestrins as Potential Regulators of
Mitohormesis

Sestrins have been identified as important regulators of age-
and obesity-associated pathologies in diverse tissues including
liver, adipose, and muscle (5-7, 12-15, 68). Sestrins are thought
to attenuate tissue aging through their dual biological activities
in reducing ROS and inhibiting mTORCI1 (1, 2, 16). Excessive
accumulation of ROS and chronic activation of mMTORC1 signal-
ing are well-known promoters of tissue aging. Considering that
Sestrins are transcriptionally activated upon oxidative stress, it
is highly likely that Sestrins may be regulators of mitohormesis.
For example, upon a non-toxic level of ROS stimuli, Sestrins
may be induced to perform antioxidant and mTORCI-suppressive
functions to defend against oxidative damage and attenuate tis-
sue aging.

It should also be noted that, although critical for attenuating
tissue aging, the loss of Sestrins per se does not substantially reduce
life span of Drosophila (1) or C. elegans (15). This could be because
there are unknown compensatory mechanisms instigated by the
loss of Sestrins, which are capable of maintaining life span, but are
not sufficient to restore health span. However, Sestrin-deficient C.
elegans is hypersensitive to oxidative stress (15), suggesting that
Sestrin is indeed critical for the stress adaptation of an organism.
It has been shown in the same organism that low levels of oxidative
stress (conferred by a chemical that induces mitochondrial ROS)
can increase the life span of C. elegans (99, 100). Caloric restriction
in C. elegans extends life span partially by inducing mitochondrial
production of ROS (73). Therefore, it would be very interesting to

investigate if Sestrins are indeed regulators of the mitohormetic
effect in these aging models.

Role of Sestrin2 in BAT Metabolism

Although the beneficial role of Sestrins in attenuating tissue aging
and obesity-associated metabolic pathologies has been clear in
several tissues, such as liver and skeletal/cardiac muscle (6, 7,
12, 13), the role of Sestrin2 in BAT metabolism seems to be
more complicated. As discussed above, Sestrin2 overexpression in
BAT interferes with proper UCP1 expression and mitochondrial
uncoupling (68). Even though Sestrin2 overexpression activated
AMPK and subsequently promoted mitochondrial biogenesis,
these beneficial effects were nullified by the drastic effect of UCP1
loss. As a result, the Sestrin2-overexpressing mice were defective
in BAT thermogenesis and exhibited increased fat accumula-
tion (68).

Interestingly, loss of Sestrin2 also interfered with proper BAT
metabolism. Although UCP1 expression was relatively increased
in BAT of Sestrin2-deficient mice, the whitening of BAT due to
fat accumulation is markedly increased upon Sestrin2 deficiency
(68). Analysis of mRNA markers for mitochondrial biogenesis
and quantification of mitochondrial DNA suggests that BAT from
Sestrin2-deficient mice exhibited decreased mitochondrial con-
tents (68). This could be because Sestrin2 plays a critical role
in producing sufficient amounts of mitochondria in BAT, which
would be necessary for proper energy dissipation and homeostatic
BAT metabolism. Sestrin2 may promote mitochondrial biogenesis
through activation of AMPK (7, 12, 101, 102) and subsequent
upregulation of PGC-1a activity (103, 104). Therefore, although
overexpression of Sestrin2 can interfere with the physiological
level of ROS necessary for thermogenesis control, endogenous
Sestrin2 still plays a critical role in maintaining mitochondrial
homeostasis.
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Conclusion

Upon diverse environmental stresses including oxidative stress,
Sestrin-family proteins are transcriptionally upregulated to reduce
pathogenic levels of ROS and suppress chronic activation of
mTORCI signaling. As chronic ROS accumulation and prolonged
mTORCI1 activation are both detrimental for metabolic home-
ostasis, Sestrins are potential regulators of mitohormesis, which
is a beneficial metabolic effect of low-level ROS production.
Sestrins may also play a critical metabolism-controlling role in
BAT. However, because ROS are also critical for UCP1 expression
and subsequent mitochondrial uncoupling, artificial overexpres-
sion of Sestrin2 and subsequent elimination of ROS interfered
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The obesity epidemic continues rising as a global health challenge, despite the increas-
ing public awareness and the use of lifestyle and medical interventions. The biomedical
community is urged to develop new treatments to obesity. Excess energy is stored as
fat in white adipose tissue (WAT), dysfunction of which lies at the core of obesity and
associated metabolic disorders. By contrast, brown adipose tissue (BAT) burns fat and
dissipates chemical energy as heat. The development and activation of “brown-like”
adipocytes, also known as beige cells, result in WAT browning and thermogenesis. The
recent discovery of brown and beige adipocytes in adult humans has sparked the explo-
ration of the development, regulation, and function of these thermogenic adipocytes.
The central nervous system drives the sympathetic nerve activity in BAT and WAT to
control heat production and energy homeostasis. This review provides an overview of
the integration of thermal, hormonal, and nutritional information on hypothalamic circuits
in thermoregulation.

Keywords: brown adipose tissue, white adipose tissue, beige fat, thermogenesis, hypothalamus, sympathetic
nervous system, Ucp1, obesity

A Trio of Fat

Obesity is a rising global epidemic. Excess adiposity is a major risk factor for type 2 diabetes, car-
diovascular disease, and hypertension. Overweight and obesity arise when energy intake exceeds
energy expenditure and consequently excessive calories are stored in the adipose tissue. The adipose
organ comprises white adipose tissue (WAT) and brown adipose tissue (BAT). WAT primarily stores
energy as triglycerides, whereas BAT dissipates chemical energy as heat, a process mediated by
uncoupling protein 1 (UCP1) (1-3). WAT excess and dysfunction lie at the core of obesity and asso-
ciated metabolic disorders. By contrast, BAT-mediated adaptive thermogenesis serves to maintain
body temperature during cold, contributes to fever during infection, as well as counteracts obesity
and related metabolic dysfunction (4). Here, adaptive thermogenesis is defined as non-shivering
heat production in response to changes in environmental and physiological settings, such as cold,
diet, fever, and stress. Adaptive thermogenesis in BAT is believed to be solely dependent on UCP1
(1-6). However, UCPI-independent thermogenesis in other tissues such as WAT has also been
suggested (7, 8).

In 2009, metabolically active BAT was “re-discovered” in adult humans (9-13). The activity of
BAT in humans responds to cold challenge and is inversely associated with body mass index (BMI)
and age (14). Yet in its infancy, increasing the mass and activity of BAT is considered as a therapeutic
option for human obesity.
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A “brown-like” type of adipocytes, called beige cells, has been
recently discovered in specific WAT depots. Although different
from classic brown adipocytes in their origin and molecular iden-
tity, beige adipocytes express Ucpl, contribute to thermoregula-
tion, and prevent metabolic dysfunction in mice (15, 16). The
process of recruiting and activating beige adipocytes is referred to
as “browning” Although classical brown adipocytes are present
in adult humans (9, 17, 18), growing evidence suggests that adult
human BAT is mainly composed of beige adipocytes (19-21).
Considering the fact that interscapular BAT in human infants
consists of bona fide brown adipocytes and that BAT depots in
newborns and adults are located at different sites (22, 23), we
speculate that classic brown adipocytes degenerate whereas beige
adipocytes gradually prevail with age in humans. Understanding
the molecular mechanisms under this transition is important for
future therapeutics designed to boost BAT function. It is also
intriguing and important to determine the existence and identity
of beige adipocytes in other WAT depots, such as subcutaneous
fat in humans.

The potential of brown and beige adipocytes as anti-obesity
targets attracts extensive interest. The last decade has seen an
explosion in our understanding of the development, regulation,
and pathophysiology of these distinct adipocytes. Chronic cold
exposure, by stimulating the sympathetic nervous system (SNS),
is a major and potent activator of BAT thermogenesis and WAT
browning. Agonists to p3-adrenergic receptors (AR) that are
selectively expressed in brown and beige adipocytes stimulate
thermogenesis in both rodents and humans (24). In addition,
numerous intrinsic proteins and secreted factors have been
shown to affect the development and function of brown and/
or beige adipocytes (15, 16, 25). The role of the central nervous
system (CNS) in controlling adipose tissue thermogenesis has
been an area of intense investigation (26-31). In this review,
we summarize the recent progress in our understanding of the
central regulation of thermogenesis in brown and beige cells.

Hypothalamus Orchestrates Metabolism

The hypothalamus acts as to orchestrate homeostatic functions
such as food intake, energy expenditure, glucose metabolism, and
circadian rhythm. Homeostasis is achieved through the complex
crosstalk between the hypothalamus and peripheral tissues in
response to environmental cues. The arcuate nucleus (ARC) of
the hypothalamus is considered to be a primary integrator of
peripheral signals, including hormones and nutrients. Two exten-
sively studied populations of neurons in the ARC are orexigenic
neurons expressing agouti-related protein (AgRP)/neuropeptide
Y (NPY) and anorexigenic neurons expressing proopiomelano-
cortin (POMC). These neurons are sensitive, mostly in opposite
ways, to hormones such as leptin, insulin, and ghrelin, as well as
nutrients such as glucose, amino acids, and fatty acids (32-34).
Melanocortin peptides produced by POMC neurons are agonists
whereas AgRP is an antagonist of melanocortin-3 and -4 recep-
tors (MC3R and MC4R) that are expressed on the second-order
neurons. Located largely in the lateral hypothalamus (LH) and
the paraventricular nucleus (PVN) of the hypothalamus, these
downstream neurons receive projections from the ARC as well

as direct inputs from peripheral signals. Together with the ARC,
the LH and PVN function as a metabolic integrator and regulator
by projecting to high-order neurons in the CNS and secreting
various neuropeptides, for example orexin, melanin concentrat-
ing hormone (MCH), cocaine- and amphetamine-regulated
transcript (CART), and corticotropin-releasing hormone (CRH).

In addition to their neuroendocrine role, hypothalamic neu-
rons also project to the SNS to control peripheral metabolism
(Figure 1). Both BAT and WAT are extensively innervated by
the sympathetic fibers that can be tracked back to the hypothala-
mus (35). By using the neurotropic pseudorabies virus (PRV),
a number of studies have described the neuroanatomy of the
sympathetic control of adipose tissues in rodents. Although BAT
and WAT are anatomically and functionally distinct, common
brain areas with efferent projections to both adipose tissues have
been identified, including the ARC, LH, and PVN of the hypo-
thalamus and other neuronal sites discussed below (35). Release
of catecholamine, particularly norepinephrine (NE), from the
sympathetic fibers and subsequent activation of f-AR signaling
in adipocytes are necessary for the initiation of lipolysis and the
activation of thermogenesis (36). It is thus reasonable to speculate
that a “command” neural network dictates these two processes in
BAT and WAT (35). It should be noted that only a small portion
(about 5-15%) of individual neurons in these common brain
regions projects both to BAT and WAT and distinct sympathetic
circuits project to different WAT depots (35, 36). It is conceiv-
able that the anatomic architecture of neuronal projections to
adipose tissues is evolved to allow differential sympathetic drive
across fat depots in response to different lipolytic/thermogenic
stimuli (37). Generally speaking, sympathetic drive to BAT is
more intense than that to WAT depots, demonstrated by more
sympathetic nerve endings on adipocytes, higher NE levels and
NE turnover rates, and increased expression levels of tyrosine
hydroxylase (37-39). Moreover, there are differential sympathetic
activities between various WAT depots at the basal, cold-induced,
and fasting-induced conditions (37, 39). It will be interesting to
determine what factors control such differential effects of the SNS
on adipose tissues.

Along with well-characterized leptin resistance and insulin
resistance, catecholamine resistance develops in obesity, which
is characterized by impaired catecholamine synthesis and/
or sensitivity (40-42). Catecholamine-induced lipolysis and
thermogenesis are compromised in WAT of obese animals and
patients through several proposed mechanisms, including leptin
resistance, a2-AR expression, and inflammation (43, 44). Yet
the contribution of catecholamine resistance to the defects in
thermoregulation awaits future investigation.

The Preoptic Area Integrates Thermal
Information

Cold exposure and subsequent SNS activation have a profound
effect on brown and beige adipocytes. Upon cold exposure,
cutaneous transient receptor potential (TRP) cation channels, e.g.
TRPMS, sense skin temperature and transmit signals to primary
sensory neurons in the dorsal root ganglia (28). This thermal
information is delivered to third-order sensory neurons in the
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FIGURE 1 | Functional neuroanatomical model of the hypothalamic control of adaptive thermogenesis. Differential regulation of the hypothalamic circuits
during fasting and feeding is shown. Positive and negative regulators of the adaptive thermogenesis are shown in green and red, respectively. Dashed lines and gray

letters indicate inactive or diminished signals.

lateral parabrachial nucleus (LPB) and then finally to the median
preoptic (MnPO) subnucleus of the hypothalamic preoptic area
(POA). The medial preoptic area (MPA) of the POA contains
warm-sensitive neurons, which receive inhibitory projections
from the MnPO (26, 30). Cooling of both distal skin and local
hypothalamus reduces the discharge of these warm-sensitive
neurons, suggesting that the POA is a central temperature sensor.
Neurons in the POA control SNS activity and thermogenesis

by projecting to the dorsomedial hypothalamic area (DMH) and
rostral raphe pallidus (rRPa) in the rostral ventromedial medulla,
and finally to the sympathetic preganglionic neurons in the inter-
mediolateral nucleus (IML). The neuroanatomical blueprint and

neurotransmitters involved in POA regulation of thermogenesis
have been reviewed in detail elsewhere (26, 28, 30). Direct cooling
of the POA elicits BAT activation (45). Glutamatergic activation
of the MnPO and lesions in the inhibitory MPA region both
evoke thermogenesis in BAT (46, 47). Conversely, inhibition of
MnPO blocks BAT thermogenesis induced by skin cooling (47).
These data demonstrate that the POA integrates thermal infor-
mation to regulate cold-induced thermogenesis. Febrile responses
are also mediated by the POA, which will not be discussed in this
review (26, 30). The POA provides efferent signals to WAT depots
as well (35); however, roles of the POA in the regulation of WAT

browning have not been characterized.
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Hypothalamic Hormone Sensing in
Thermoregulation

In the late 1970s, seminal experiments performed by Rothwell
and Stock demonstrated that cafeteria diet increased the activity
of SNS and BAT (48). Diet-induced thermogenesis has since been
considered as an important compensatory mechanism that offsets
energy surplus. A series of diets such as cafeteria diet and high-fat
diet (HFD) induce metabolic inefficiency and BAT recruitment,
thus being called as “recruiting diets” (1). Several factors have been
proposed to be important for the thermogenic effect of recruiting
diets, including the protein-dilution effect, adipocyte-derived
leptin, and hypothalamic neurons (1). Parasagittal hypothalamic
knife-cuts and medial hypothalamic lesions in rats impaired caf-
eteria diet-induced thermogenesis in BAT (49, 50). The PVN was
later demonstrated as one of the important hypothalamic nuclei
mediating diet-induced thermogenesis (51).

In addition, caloric restriction and daily feeding-fasting cycles
also control body temperature and thermogenesis in BAT and
beige fat (52, 53, 39). Importantly, cold-induced thermogenesis
induces and requires food consumption (39, 54). These data sug-
gest that feeding or sufficient nutrient supply provides permissive
signals to adaptive thermogenesis. Leptin secreted by adipocytes
in proportion to the fat mass and insulin secreted by pancreatic
B cells in response to blood glucose have been proposed as these
permissive signals.

Preoptic Area

The POA, as a temperature central sensor, is also under the
hormonal regulation. Leptin-responsive neurons are abundant
in the POA (55). Cold induces the activity of the leptin receptor
(LepR)-expressing neurons in the POA, which project to rRPa to
regulate sympathetic BAT inputs (56). The insulin receptor is also
detectable in the POA. Insulin injection into the POA decreases
the firing rate of warm-sensitive neurons, which results in BAT
thermogenesis and elevated core body temperature (57). To
understand the molecular mechanisms underlying the integra-
tion of various thermogenic cues in the POA will be a promising
avenue for future research.

Arcuate Nucleus

The ARC is considered as the primary mediator of leptin signal-
ing in the regulation of energy balance and glucose metabolism
(33). Injection of leptin into the ARC increases sympathetic drive
to BAT (58), and GABAergic RIP-Cre neurons in the ARC may
mediate the ability of leptin to stimulate thermogenesis (59).
Orexigenic neuropeptides AgRP and NPY inhibit BAT function,
while anorexigenic a-MSH increases SNS activity and BAT func-
tion (60, 61).

However, it was not known whether neuronal circuits in the
ARC also control WAT browning until recently. Acute activation
of hunger-promoting AgRP neurons in the hypothalamus sup-
presses the browning process. O-linked p-N-acetylglucosamine
(O-GlcNAc) modification of cytoplasmic and nuclear proteins
is a nutrient-sensitive pathway (62, 63). The levels of O-GIcNAc
modification and O-GlcNAc transferase (OGT) are enriched in

AgRP neurons and are elevated by fasting and the hunger hor-
mone Ghrelin (39). Genetic ablation of OGT in AgRP neurons
inhibits neuronal excitability, promotes WAT browning, and
protects mice against diet-induced obesity and insulin resistance
(39). On the other hand, insulin and leptin act synergistically on
POMC neurons to promote WAT browning and prevent diet-
induced obesity (64). Phosphatases PTP1B and TCPTP attenu-
ate leptin and insulin signaling in POMC neurons, and double
knockout of PTP1B and TCPTP in POMC neurons promotes
WAT browning (64). These two complimentary stories demon-
strate that the hunger and satiety neurons in the ARC control
browning of fat depending on the body’s energy state. Activation
of POMC neurons during caloric intake protects against diet-
induced obesity whereas activation of AgRP neurons informs
the body to store energy during fasting.

Dorsomedial Hypothalamic Area

Neurons in the DMH receive GABAergic inputs from warm-
sensitive neurons in the MPA (28). Derepression of DMH
neurons by infusing an antagonist to the GABA, receptor rapidly
and profoundly increases BAT and core body temperature (65,
66), which is dependent on the activation of downstream rRPa
neurons (67, 68).

A population of neurons in the DMH expresses the LepR. The
intra-DMH injection of leptin increases BAT temperature, in a
B3-AR-dependent manner (56, 69). Moreover, blockage of leptin
signaling in the DMH blunts the increase in BAT temperature
elicited by intraperitoneal injection of leptin (69). Recently,
Rezai-Zadeh and colleagues demonstrated that selective activa-
tion of DMH neurons by DREADD technique promotes BAT
thermogenesis and decreases body weight (70). Conversely, the
deficiency of the LepR in the DMH reduces thermogenesis and
promotes weight gain (70).

Neuropeptide Y is also expressed by neurons within the DMH,
besides the ARC of the hypothalamus. Npy expression in the
DMH is induced in the conditions where animals demand more
energy, for example, chronic food restriction and exercise (71,
72). Similar to that in the ARC, NPY in the DMH promotes food
intake and body weight (73). Using viral-mediated knockdown
approach in rat, the same group recently showed that DMH
knockdown of Npy increases BAT activation and the browning
of WAT through the SNS (74). Collectively, these data suggest
that the DMH is another hypothalamic locus where orexigenic
and anorexigenic signals converge to regulate thermogenesis in
fat tissue.

Ventromedial Hypothalamic Area

The ventromedial hypothalamic area (VMH) is one of the first
hypothalamic sites that have been identified to regulate ther-
mogenesis. Although the anatomical linkage between the VMH
and adipose tissue is controversial (35), electrical and glutamate
stimulation of the VMH has been extensively shown to activate
BAT thermogenesis via the SNS (30, 75, 76). Moreover, genetic
manipulation of steroidogenic factor-1 (SF-1) neurons, the major
population in the VMH, has also demonstrated the importance of
the VMH in thermoregulation (77, 78).
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Leptin microinjection into the VMH increases glucose
uptake in BAT, although thermogenic effect was not tested in
the study (79). Selective deletion of the LepR in SF-1 neurons
reduces Ucpl expression in BAT, suppresses thermogenesis, and
produces obesity (80, 81). It has been suggested that the action
of leptin on BAT thermogenesis is preferentially mediated by
the PI3K/AKT/FOXOI pathway (82, 83). By contrast, insulin
suppresses the firing frequency of SF-1 neurons in the VMH
(84). Microinjection of insulin to the VMH suppresses BAT
thermogenesis in response to cold and glutamate stimulation
(85, 86). More interestingly, the magnitude of the suppression
shows diurnal rhythm, which is greater at noon than at night
in rats (87).

Fatty acid metabolism is essential for neuronal function
(88). AMPK-regulated lipogenesis in the VMH is an important
regulator of BAT thermogenesis and controller of body weight
(89). Recently, Lopez and colleagues further showed that
various hormones, including thyroid hormones, estradiol, and
glucagon-like peptide-1 (GLP-1), activate BAT thermogenesis
through relieving the suppression on lipogenic genes by AMPK
inthe VMH (89-91). These studies strongly argue that the VMH
senses hormonal cues to regulate BAT function; however, the
involvement of the VMH in the regulation of WAT browning
has not been explored.

Paraventricular Nucleus

The PVN is strongly susceptible to trans-synaptic infection
by RPV from BAT (35); however, its effect on thermogenesis
has been controversial. Electrical stimulation of the PVN does
not affect BAT function (92). Microinjection of N-methyl-p-
aspartate (NMDA) or bicuculline to activate neurons in the PVN
blocks sympathetic drive to BAT induced by cold, indicating that
the PVN negatively regulates thermogenesis (93). Paradoxically,
stimulation of the PVN with glutamate is shown to activate BAT
thermogenesis (94).

There is a large population of MC4R-expressing neurons
in the PVN, and the MC4R agonist melanotan II (MTII)
induces BAT thermogenesis (95). Single-minded 1 (Siml1) is
necessary for development of the PVN, and ablation of Sim1
neurons reduces Ucpl expression, BAT temperature, and energy
expenditure (96). Restoration of MC4R in the Sim1 neurons fails
to rescue reduced energy expenditure in Mc4r knockout mice,
suggesting that MC4R elsewhere controls energy expenditure
(97). However, a recent study of Mc4r deletion in Sim1 neurons
showed that Sim1 neurons are important in the regulation of
energy expenditure (98).

Leptin regulates the synaptic activity of neurons in the
PVN that project to BAT (99). Viral administration of leptin in
the PVN stimulates the expression of Ucpl in BAT (100). The
orexigenic peptide NPY reduces energy expenditure; however,
its site of action was not identified until recently (101). Shi et al.
demonstrated that ARC-derived NPY decreases tyrosine hydroxi-
nase (TH) expression in the PVN to down-regulate BAT Ucpl
expression and energy expenditure (61). On the other hand, the
anorexigenic peptide CART, when injected in the PVN, induces
the Ucpl expression in both BAT and WAT (102).

Suprachiasmatic Nucleus
Core body temperature, like all vital aspects of physiology
and metabolism, shows circadian rhythm (103). Thermogenic
plasticity in BAT is also rhythmic and under the control of cell-
autonomous clock machinery (104-107). Directly entrained by
light, the suprachiasmatic nucleus (SCN) in the hypothalamus
has been established as a circadian pacemaker that synchronizes
peripheral clocks across the body to adjust behavior and physiol-
ogy in accordance with the day/night cycle (108, 109). Both BAT
and WAT receive sympathetic flow that can be tracked back to
the SCN (35, 110). Glutamate injection to activate the neurons in
the SCN stimulates BAT thermogenesis, and this effect is greater
during the dark phase (111). Nevertheless, it is still unknown
whether the SCN controls the circadian rhythm of thermogenesis
and if WAT browning is also under circadian regulation.
LepR-expressing neurons exist in the SCN, and leptin
phase-advances the circadian rhythm of SCN on brain slices
(112). In vivo analysis revealed that leptin modulates clock gene
expression in the SCN and the sleep/wake cycle (113). It will
be of interest to determine whether leptin in the SCN regulates
the circadian rhythm of thermogenesis. In addition, intra-SCN
injection of insulin to rats decreases the sympathetic activity on
BAT at noon (fasted state) and increases the activity at night (fed
state), indicating a circadian control of BAT function by insulin
action on the SCN (87). These data suggest that the SCN may
receive peripheral satiety cues to modulate the circadian rhythm
of energy expenditure to maintain homeostasis.

Psychological Regulation of
Thermogenesis

Psychological fever, one of the most common psychological
diseases, is characterized by acute or persistent increase in body
temperature when patients are psychologically stressed (101). It
was suggested that SNS-activated BAT thermogenesis is respon-
sible for stress-induced hyperthermia (114, 115). Orexin neurons
in the hypothalamus control multiple physiological processes,
including arousal, wakefulness, and appetite. The orexin neurons
are considered important for inflammatory fever and the defense
against cold (116). It has also been shown that the orexin neu-
rons are indispensable for the stress-induced Ucpl expression
and thermogenesis in BAT and resultant hyperthermia (117).
Recently, a functional neuroanatomical study using an optoge-
netic approach has identified a DMH-medullary raphe circuit
that drives psychological stress-activated BAT thermogenesis and
hyperthermia (118).

Environmental enrichment is the stimulation of the brain by
physical and social surroundings. This regimen supports neuro-
genesis and could aid the treatment of neurodegenerative diseases
(119). Intriguingly, environmental enrichment in rodents induces
WAT browning and decreases adiposity (120). Hypothalamic
brain-derived neurotrophic factor (BDNF) has been shown
to increase thermogenesis and energy expenditure by acting
on neurons in the PVN and VMH (121, 122). Environmental
enrichment up-regulates hypothalamic BDNEF, and the inhibition
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of BDNF blocks the environmental enrichment-induced WAT
browning (120).

Summary and Perspective

Yet to be fully defined, the developmental and functional identi-
ties of brown and beige adipocytes are distinct (16). Separate
populations of neurons in common areas of the hypothalamus
projecting to BAT and different WAT depots may contribute
to the functional and regulatory differences between fat depots
(35). The blueprint of the neuroanatomical regulation in BAT
thermogenesis is becoming apparent; however, we just begin to
explore the central regulation of the browning process in WAT
(39, 64, 123).

Itisnotsurprising that the hypothalamicareas that control food
intake also modulate adaptive thermogenesis. In the hunger state,
orexigenic neurons attenuate SNS-mediated heat production in
brown and beige fat to preserve energy; conversely, in the satiety
state, anorexigenic neurons promote energy expenditure to main-
tain homeostasis (Figure 1). However, adaptive thermogenesis is
not efficacious to offset long-term energy imbalance, which par-
tially explains the susceptibility to diet-induced obesity and the
difficulty of weight loss by dietary interventions in humans. It is
important to unravel the biological logic of distinct hypothalamic
efferent outputs. In addition to mapping the neuronal circuits con-
trolling thermogenesis in BAT and WAT, there is an urgent need
to identify intracellular mechanisms by which neuronal activities
are dictated by thermogenic cues. Understanding the molecular
and cellular basis of neuronal regulation of adaptive thermogen-
esis will lay a foundation for future therapeutics against obesity.
For example, GLP-1 receptor agonists, which have been widely
used to treat diabetes, can be administrated centrally to stimulate
brown adipose thermogenesis (90). ARC-specific administration
of OGT inhibitors and PTP1B inhibitors suppress AgRP neurons
and stimulate POMC neurons, respectively, to promote energy
expenditure in brown and beige adipocytes (39, 64).
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Obesity and diabetes are increasing at an alarming rate worldwide, but the strategies
for the prevention and treatment of these disorders remain inadequate. Brown adipose
tissue (BAT) is important for cold protection by producing heat using lipids and glucose
as metabolic fuels. This thermogenic action causes increased energy expenditure and
significant lipid/glucose disposal. In addition, BAT in white adipose tissue (WAT) or beige
cells have been found and they also exhibit the thermogenic action similar to BAT. These
data provide evidence indicating BAT/beige cells as a potential target for combating
obesity and diabetes. Recent discoveries of active BAT and beige cells in adult humans
have further highlighted this potential. Growing studies have also shown the importance
of central nervous system in the control of BAT thermogenesis and WAT browning using
animal models. This review is focused on central neural thermoregulation, particularly
addressing our current understanding of the importance of hypothalamic neural signaling
in the regulation of BAT/beige thermogenesis and energy homeostasis.

Keywords: central nervous system, brown adipose tissue, thermogenesis, energy homeostasis, sympathetic
nervous system

Introduction

Brown adipose tissue (BAT) is a thermogenic organ that protects the body from cold environment
via dissipating chemical energy (lipids and glucose) as heat. For a long period of time, BAT was
thought to be only present in certain species of mammals, including rodents, hibernating animals,
and newborn humans. Recently, active BAT has been found in adult humans at a cold environment
(1-6). These findings have prompted investigation into the potential action of BAT in fighting against
obesity and its associated metabolic disorders in humans (2, 4, 7). For instance, recent reports have
shown that cold exposure (at 15-16°C for 6 h daily for 10 days or 17°C for 2 h daily for 6 weeks)
can recruit human BAT and increase non-shivering thermogenesis (8) and lower body fat mass (9),
although whether such effects could last for prolonged periods (months to years) is unclear. Animal
studies have shown that subcutaneous transplants of embryonic BAT can reverse type I diabetes in
streptozotocin-treated mice (10). The magnitude of BAT thermogenesis depends on the amount of

Abbreviations: ARC, arcuate nucleus; BAT, brown adipose tissue; CNS, central nervous system; DMH, dorsomedial hypothala-
mus; LH, lateral hypothalamus; POA, preoptic area; PVN, paraventricular hypothalamus; rRPa, rostral raphe pallidus; SNS,
sympathetic nervous system; VMH, ventromedial hypothalamus; WAT, white adipose tissue.
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recruitment of active BAT (11), which is influenced by various
factors (3, 11, 12). Recently, several central neural modulators
have been identified to reduce body weight and adiposity through
promoting thermogenic activity of BAT and/or browning of white
adipose tissue (WAT) to combust energy. This review will focus
on the role of central nervous system (CNS), particularly hypo-
thalamic neural signals, in the regulation of BAT thermogenesis
and energy homeostasis.

Distribution of BAT

There are two types of brown adipocytes. The classic brown adi-
pocytes, such as the ones that reside in the interscapular region
in rodents, are originated from myf5-positive cells (13). The other
is the beige cells that are discretely distributed in the WAT, such
as inguinal WAT in rodents (14). Beige cells are originated from
the lineage of myf5-negative cells and also known as inducible
or recruitable brown adipocytes in WAT (13). The amount of
classic BAT in mouse strains is genetically invariant, whereas the
amount of inducible brown adipocytes in WAT is more variable
among strains (15). Thus, the capacity for the potential of BAT
against obesogenic influence may also depend upon the genetic
variability of inducible BAT in addition to classic BAT. In rodents,
BAT hasbeen found in multiple locations, including interscapular,
cervical, peri-aortic, pericardiac, perirenal, and axillary regions
(16, 17). In humans, BAT exists more abundantly in new born
babies corresponding to the high level of non-shivering thermo-
genesis. The amount of BAT significantly decreases with aging
as BAT mass in pediatric populations is about 10-fold higher
than that of adult populations (18). Intriguingly and also most
importantly, data have shown that BAT is recruitable in adult
humans as cold acclimation results in great increases in BAT
mass and non-shivering thermogenesis in adult humans who
do not possess detectable BAT before treatment (8, 9). Human
BAT is primarily distributed in the supraclavicular and neck
regions, as well as in paravertebral, mediastinal, para-aortic, and
suprarenal areas, but less in the interscapular area (1-5). Adult
human BAT appears to contain both functional brown and beige
cells. Cypess et al. have reported that although the properties of
human neck fat vary substantially between individuals, human
brown adipocytes share many similarities with classical rodent
BAT (2). Shinoda and colleagues have further reported that adult
human BAT possesses the genetic and functional features more
similar to those of rodent beige cells (19).

Function of BAT

Brown adipose tissue contains a large number of mitochondria
that act as a heat generator through uncoupling protein 1 (UCP1).
During BAT activation, UCP1 uncouples the oxidation of fatty
acids from ATP synthesis to dissipate energy as heat. This func-
tion is very important for small mammals to maintain body
temperature, especially during cold environment (11). Fatty acid
oxidation (or energy combustion) in BAT could account for a
great amount of total energy intake. For instance, a mouse at 5°C
will have food intake approximately 3—-4 times that at 30°C (20).
This enormous effect on energy utilization highlights BAT as an
appealing target for the prevention and treatment of obesity and
other metabolic disorders.

Brown adipose tissue thermogenesis is predominately gov-
erned by the sympathetic nervous system (SNS) via the adrener-
gic receptor signaling pathways. Upon stimulation, sympathetic
nerve releases norepinephrine that binds to p3 adrenergic recep-
tors in the membrane of brown adipocytes to activate a cascade of
signaling pathways, leading to increases in fatty acid p-oxidation
and heat production (11). Recently, three subtypes of  adrenergic
receptors have been found in BAT (21). Data have shown that
mice lacking all three f-adrenergic receptors failed to induce BAT
thermogenesis and led to rapid drop of core body temperature
in response to cold exposure (22), supporting the importance
of B-adrenergic receptors in thermogenesis. Particularly, during
brown adipocyte development, pl-adrenergic receptors act to
regulate proliferation of brown preadipocytes, while f3-adrenergic
receptors mainly affect differentiation of mature brown adipocytes
through a cAMP-dependent pathway (11, 23). Deficits in either of
them alter BAT functions. p1-adrenergic receptor knockout mice
develop hypothermia during cold exposure and exhibit impaired
interscapular BAT (iBAT) thermogenesis. These mice become
more susceptible to diet-induced obesity and fail to develop
diet-induced thermogenesis relative to wild-type mice (21).
Intriguingly, while cold induces brown adipocyte development
in WAT of wild-type mice, this effect is significantly attenuated
in B3-adrenergic receptor knockout mice (24), suggesting that 3
adrenergic receptors are also likely to mediate browning of WAT.

We have appreciated that BAT uses lipids as substrates
for thermogenesis and activation of BAT promotes oxidative
metabolism and heat production, leading to a great increase in
energy utilization (11). In support of this view, recent reports
have demonstrated an enormous role for BAT in triglyceride and
glucose clearance. Bartelt et al. have reported that cold exposure
drastically accelerated plasma clearance of triglycerides as a result
of increased uptake into BAT of mice, and that in pathophysi-
ological settings, cold exposure corrected hyperlipidemia and
improved deleterious effects of insulin resistance using mouse
models (25). Human studies have also shown cold-induced acti-
vation of oxidative metabolism in BAT coupled with increased
uptake of non-esterified fatty acid (26). Fatty acid transport
protein 1 (FATP1) likely contributes to the uptake of fatty acids in
BAT as FATP1 knockout animals display smaller lipid droplets in
BAT and fail to defend their core body temperature at 4°C, despite
elevated levels of serum free fatty acid (27). In addition, BAT has
been considered as a sink of glucose disposal. Both in vivo and
in vitro studies have suggested that BAT-associated glucose uptake
is regulated by norepinephrine and insulin (28-31). BAT trans-
plantation into age- and sex-matched recipient mice increased
insulin-stimulated glucose uptake (32). While glucose transporter
isoform 4 (GLUT4) mediates insulin-stimulated glucose uptake in
BAT in the way similar to WAT and muscle, the mechanism for
norepinephrine-mediated glucose uptake is still unclear.

Browning of WAT

Brown adipose tissue in WAT depots was initially reported by
Young et al. (33), who observed that cold acclimation led to the
accumulation of BAT in the parametrial fat pad. Although the
intertransdifferentiation between brown and white adipocytes
might be a case in fat browning (34), the identification of beige
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(or brite) adipocytes in WAT in both mice and humans (14,
35-37) has significantly advanced our understanding of BAT in
WAT. Importantly, increased recruitment of active brown and/or
beige cells in WAT has been shown to promote energy utilization/
expenditure and improve glucose tolerance and insulin sensitivity.
We now appreciate that browning of WAT is under the control
of various key transcription factors, such as PGC-1a, C/EBPa,
PPARy, and PRDM16 (38). Growing data have also indicated
the importance of CNS in fat browning (39, 40). This review will
update our understanding of hypothalamic regulation of BAT
thermogenesis and fat browning since the last report showing
that knockdown of neuropeptide Y (NPY) in the dorsomedial
hypothalamus (DMH) promotes brown adipocyte development in
WAT, increases BAT activity, and elevates energy expenditure (41).

Hypothalamic Regulation of BAT Thermogenesis
Although a role for the CNS in the regulation of BAT thermo-
genesis has long been known (11), neural circuits and chemicals
underlying the central thermoregulation remain incompletely
understood. Recently developed techniques for brain research
have made it possible to unravel the neural mechanisms of the
control of BAT thermogenesis. Using pseudorabies virus as a
polysynaptic retrograde tracer, several labs have investigated
potential brain areas and pathways in the modulation of sympa-
thetic innervation of BAT and WAT. Injection of pseudorabies
virus into the iBAT has revealed the sympathetic outputs from the
brain to iBAT (42-44). Within the hypothalamus, viral-infected
neurons were detected in the paraventricular hypothalamus
(PVN), lateral hypothalamus (LH), DMH, arcuate nucleus
(ARC), and preoptic area (POA), but very few or absent in the
ventromedial hypothalamus (VMH) (42-45). Similarly, viral-
infected neurons were found in the PVN, DMH, and POA of ani-
mals receiving pseudorabies virus injection into WAT (46). These
findings suggest that the descending signals from hypothalamic
areas modulate sympathetic innervation of BAT and WAT to
affect BAT thermogenesis and WAT browning. The results from
functional studies have provided support for this view. Using
innovative approaches to manipulate specific gene and/or neuron
activities in animal models, we and other investigators have iden-
tified distinct roles of hypothalamic peptides and neurons in the
control of BAT thermogenesis and WAT browning. The following
is primarily focused on the recent understanding of hypothalamic
signaling in thermoregulation.

POA and BAT Thermogenesis

The POA is located in the rostral hypothalamus and acts as a
coordinate that receives and integrates the inputs of changes in
temperature from local brain and periphery system to restore
thermal homeostasis in the body (47). The POA contains both
warm-sensitive and cold-sensitive neurons that relay the periph-
eral and central thermal signals (48). The warm-sensitive neurons
control both heat production and heat loss through independent
pathways (49). Both shivering and non-shivering thermogenesis
are affected by the signals from the warm-sensitive neurons (50,
51), which is mainly innervated by GABAergic neurons (52). Two
subnucleus are identified in the POA: the median preoptic nucleus
(MnPO) and the medial preoptic area (MPO) (53). For instance,

inhibition of MnPO neurons completely blocks the activation of
BAT thermogenesis (54), while stimulation of MPO neurons by
infusion of the a-melanocyte-stimulating hormone analog mel-
anotan IT (MTII) into the MPO evokes iBAT thermogenesis (55).
The POA is also activated by pyrogens, such as prostaglandin E2
(PGE2) during fever. Ablation of the PGE receptor subtype EP3 in
the MnPO dramatically attenuates fever (56). Neuroanatomically,
POA neuronal modulation of BAT thermogenesis and body tem-
perature is mediated through DMH and rostral raphe pallidus
(rRPa) neurons (57-59). POA neurons project to the DMH where
neurons further innervate the rRPa (57, 58), and some of POA
neurons also directly project to the rRPa (59). The rRPa contains
sympathetic premotor neurons that serve as an important output
of brain to regulate the sympathetic activity of iBAT (57-59).
In support of this view, a recent report has shown that loss of
portions (serotonin neurons) of this descending pathway greatly
reduces BAT thermogenesis as well as WAT browning (40). Thus,
the system of POA-DMH-rRPa-iBAT thermoregulation exhibits
a distinct role in the control of thermal homeostasis.

DMH and BAT Thermogenesis

Earlier investigation of hypothalamic sites in thermogenesis
has revealed the importance of the DMH in thermoregulation,
especially by showing that the dorsal subregion of the DMH
contains neurons that project to the rRPa to affect sympathetic
innervation of iBAT to modulate BAT and body core tempera-
ture (60, 61). Studies have demonstrated that disinhibition of
DMH neurons with the GABA receptor antagonist bicuculline
methiodidide (BMI) results in increases in both core body tem-
perature and iBAT temperature and such effects are abolished
by systemic pretreatment with propranolol, a p-adrenergic
receptor blocker (62). Moreover, thermogenesis evoked by
activation of DMH neurons is reversed by injection of glutamate
receptor antagonists in the rRPa (63). These data indicate that
DMH neurons are tonically inhibited by GABAergic inputs
and disinhibition of DMH neurons (resulting in activation of
glutamatergic neurons) promotes glutamatergic descending
signals to the rRPa to elevate subsequent sympathetic activity to
iBAT. Recent studies have further demonstrated a specific role
for leptin in thermoregulation through acting on dorsal DMH
neurons in mice. Activation of LepRb neurons in the DMH/DHA
promotes BAT thermogenesis, and intra-DMH/DHA injections
of leptin normalize hypothermia and reduce body weight gain
in ob/ob mice (64). Furthermore, prolactin-releasing peptide
(PrRP) neurons in the DMH have been shown to mediate the
thermogenic effect of leptin. Disruption of LepRb selectively in
PrRP neurons blocks thermogenic responses to leptin and causes
obesity in mice (65). Data have also shown that leptin can directly
act on NPY-expressing neurons in the DMH (specifically in the
non-compact subregion) in diet-induced obese mice, but it is
puzzling that these NPY neurons do not contain LepRb (66). In
contrast to mice, lepRb-expressing neurons are found in the ven-
tral subregion of the DMH, but undetectable in the dorsal area
in rats (67), implying that the nature of dorsal DMH neurons in
modulating BAT thermogenesis likely differs between mice and
rats or other species. We have recently found that NPY-expressing
neurons in the compact subregion of the DMH play a significant
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role in energy homeostasis in rats via affecting both food intake
and energy expenditure. Overexpression of NPY in the DMH
increases food intake and body weight, leading to obesity and type
2 diabetes in the Otsuka Long Evans Tokushima fatty (OLETF)
rats. These phenotypes can be rescued by NPY knockdown in the
DMH via adeno-associated virus (AAV)-mediated NPY-specific
RNAI (68). Furthermore, DMH NPY knockdown increases iBAT
thermogenesis and results in browning of WAT in subcutaneous
inguinal fat in Sprague-Dawley rats and prevents diet-induced
obesity (41). A neuroanatomical analysis of DMH NPY and
LepRb-expressing neurons has revealed that DMH NPY neurons
do not contain lepRb and that Npy expression in the DMH is not
affected by alterations in circulating leptin levels in rats (67), indi-
cating that DMH NPY is not under the control of leptin in rats.
Given that the dorsal DMH contains NPY Y1 and Y5 receptors,
we speculate that DMH NPY may modulate neuronal signaling
in the dorsal DMH neurons to affect BAT thermogenesis.

VMH and BAT Thermogenesis

Several lines of evidence have suggested the involvement of the
VMH in BAT thermogenesis. Lesion studies have shown that the
rats with VMH lesions fail to respond to both cold and prostaglan-
din E1 (PGE1)-induced thermogenesis in iBAT (69, 70). However,
data from the studies of the effects of electrical or chemical stimu-
lation of the VMH on BAT thermogenesis provide controversial
results. Some groups have shown that electrical stimulation of the
VMH causes an increase in iBAT thermogenesis (71) and elevates
blood flow to the BAT, which is an important contributor to its
thermogenesis (72). However, Halvorson and colleagues have
found that both electrical and chemical stimulation of the VMH
increase iBAT thermogenesis only in rats acclimated to 4°C but
not 21°C (73). DiMicco’s group has further reported that chemi-
cal stimulation of the DMH, but not the PVN and VMH, evokes
non-shivering thermogenesis in rats (62).

Despite these discrepancies, recent studies at molecular levels
provide support for the role of the VMH in thermoregulation.
One report has shown that estradiol inhibits AMP-activated
protein kinase (AMPK) through the estrogen receptor a (ERax)
in the VMH and results in activation of BAT thermogenesis
through the SNS (74). Studies have also shown that stimulation of
the glucagon-like peptide-1 (GLP-1) system with GLP-1 analogs
in the VMH increases BAT thermogenesis and WAT browning,
leading to decreased body weight in a feeding-independent man-
ner (75). Such effects can be normalized by activation of AMPK
signaling using viral-mediated constitutive active AMPKa (75).
Bone morphogenetic proteins (BMPs) have been found to regu-
late both differentiation of BAT progenitor cells and physiological
function of mature brown adipocytes. BMP8 upregulates expres-
sion of UCP1 and other genes associated with mitochondrio-
genesis and B-oxidation of fatty acids through BMP8b receptors.
BMP8Db receptors are highly expressed in the VMH (76). BMP8B
activate BAT thermogenesis through increasing BAT response to
adrenergic stimulation as well as brain sympathetic outflow to
BAT via deactivation of hypothalamic AMPKa likely mediated
by VMH BMP8Db receptors (76). Together, these findings suggest
that the VMH also contributes to the regulation of BAT thermo-
genesis. Since viral-infected neurons are scarcely detected in the

VMH of animals receiving pseudorabies virus injection into iBAT
as descried above, one possibility for the action of VMH neurons
in modulating BAT thermogenesis is through a neuroendocrine
reflex system.

ARC and BAT Thermogenesis

The ARC has been well identified as one of the most important
hypothalamic nuclei that affect energy homeostasis. It contains
both anorexigenic neurons (POMC and CART) and orexigenic
neurons (NPY and AGRP). Food restriction causes significantly
increased expression of NPY and AgRP in the ARC, while food
restriction also decreases adaptive thermogenesis (77), implying
ARC NPY and AgRP in thermoregulation. In support of this
view, recent studies have found that ARC NPY suppresses sym-
pathetic outflow to iBAT and lowers BAT thermogenesis via Y1
receptor-mediated reduction of tyrosine hydroxylase expression
in the PVN (78). These effects are independent of changes in
body weight and physical activity (78). Recent evidence has also
demonstrated the importance of AgRP neurons in thermoregu-
lation and specifically, data have shown that inactivation of AgRP
neurons promotes retroperitoneal WAT browning and protects
mice against diet-induced obesity and insulin resistance (79).
This effect is mediated by a key enzyme called O-linked B-N-
acetylglucosamine (O-GLcNAc) transferase (79). O-GLcNAc
levels in AgRP neurons are elevated in response to fasting, at a
condition when thermogenesis is suppressed, whereas genetic
ablation of O-GIcNAc transferase in AgRP neurons limits
fasting-induced suppression of thermogenesis, suggesting that
O-GlcNAc signaling in AgRP neurons is essential for suppress-
ing thermogenesis to conserve energy in response to fasting
(79). Since NPY and AgRP are co-localized in ARC neurons and
data have shown that the PVN mediates the thermogenic effect
of ARC NPY (78), ARC AgRP regulation of BAT thermogenesis
is also likely to be mediated through the PVN. On the other
hand, POMC neurons in the ARC receive the adiposity signals
leptin and insulin corresponding to energy status and exhibit an
anorectic effect on energy balance. Dodd et al. recently report
that a combined action of leptin and insulin on POMC neurons
promotes WAT browning and energy expenditure and prevents
diet-induced obesity through protein tyrosine phosphatase 1B
(PTP1B) and T cell protein tyrosine phosphatase (TCPTP)
signaling as deletion of the phosphatases PTP1B and TCPTP
enhanced insulin and leptin signaling in POMC neurons (80).
Given that ARC POMC and NPY/AgRP neurons are function-
ally antagonistic, the next logic step would be of interest to
determine whether the ARC-PVN neural pathway contributes
to this POMC neuron-mediated thermogenic action.

LH and BAT Thermogenesis

The neurochemical characterization of the hypothalamic
projections to the BAT in rats identifies the presence of melanin-
concentrating hormone (MCH) and orexin (hypocretins)
neurons in the caudal aspect of LH (43), implicating MCH and
orexin neurons in thermoregulation. In support of this view,
MCH knockout mice have elevated levels of UCP1 protein
by threefold along with an increase in energy expenditure as
compared to control mice (81). The next question would be
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important to evaluate whether MCH-containing neurons in the
LH contribute to this effect and its underlying neural circuits.
Orexin neurons in the LH play a critical role in both arousal and
energy balance. A recent study has demonstrated that orexin-
null mice displayed impaired BAT differentiation and function,
which can be normalized by the injection of orexin to the
orexin-null dams (82). Moreover, data have shown that orexin
neurons in the perifornical lateral hypothalamus (PeF/LH) are
positively correlated with sympathetic outflow to iBAT and BAT
thermogenesis (83), although such effects appear unexpected as
the orexigenic peptide orexin would produce a negative action
on BAT thermogenesis and energy expenditure. Nevertheless,
recent evidence indicates the importance of LH signaling in
overall thermoregulation.

PVN and BAT Thermogenesis

The PVN plays a critical role in the modulation of energy bal-
ance. As discussed above, PVN neurons serve as an important
mediator of ARC neural regulation of energy expenditure. Shi
and colleagues have found that tyrosine hydroxylase expressing
neurons in the PVN mediate ARC NPY-induced decrease in
BAT thermogenesis (78). Data from pharmacological studies
have also provided support for a role of PVN melanocortin in
thermogenesis. Intra-PVN injection of melanocortin recep-
tor agonist MTII significantly increased energy expenditure
(oxygen consumption) in mice (84). Song et al. have shown
that melanocortin-induced activation of PVN neurons affects
sympathetic outflow to iBAT and BAT thermogenesis (85). Acute
parenchymal microinjection of MTII into the PVN increases
iBAT temperature in hamsters (85). These results indicate that
PVN melanocortin affects BAT thermogenesis. By contrast,
genetic studies provide mixed results. Using PVN-selected
single-minded 1 (Sim1)-Cre transgenic mice, Balthasar et al.
have reported that genetic restoration of MC4R expression in the
PVN of Mc4r null mice reversed hyperphagia, but did not affect
energy expenditure (86), whereas Xu and colleagues have found
that MC4Rs on Sim1 neurons in the PVN regulate both energy
expenditure and food intake (87). Particularly, they have shown
that while the restoration of MC4Rs in Sim1 neurons in the PVN
dramatically reduced obesity of Mc4r-null mice, selective disrup-
tion of glutamate release from these MC4R neurons prevented
this reversal effect by affecting both energy expenditure and food
intake, further indicating that glutamate mediates the function
of MC4Rs on PVN Sim1 neurons in thermoregulation as well as
feeding control (87). In addition, previous work has suggested
that ARC POMC and NPY/AGRP neurons project to GABA
interneurons in the PVN to coordinately regulate GABA release
and thereby affect food intake and energy expenditure (84). Xu
and colleagues have found that MC4Rs are largely co-localized
with vesicular glutamate transporter 2 (VGLUT2), but few with
vesicular GABA transporter (VGAT) in PVN Siml neurons,
suggesting that most MC4R neurons in these PVN regions are
glutamatergic (87). Nevertheless, one explanation is that the
PVN contains both populations of neurons (glutamatergic and
GABAergic) that integrate the inputs of melanocorin agonist and
antagonist directly or indirectly to control food intake and energy
expenditure.

Hypothalamic Thermoregulation in Coping
with Environmental Challenges

Cold-Induced BAT Thermogenesis

Physiologically, when the ambient temperature falls below the
thermoneutral zone (cold environment), BAT is activated to
produce heat to maintain body temperature in mammals. As
discussed above, studies on animal models have shown that the
hypothalamus serves as an essential site in this thermoregulation.
Particularly, the POA/DMH/rRPa neural system is excited to pro-
mote the sympathetic activity in BAT to increase BAT and body
temperature in response to cold exposure (47, 61). Using c-Fos as
a marker of neuronal activation, other hypothalamic areas, such
as the PVN, ARC, and LH, and extra-hypothalamic regions, such
as the nucleus of the solitary tract (NTS), have also been identi-
fied in the rodent brain in response to cold (59), indicating that
cold exposure causes neuronal activation at multiple brain sites,
suggesting that these areas may also contribute to thermoregula-
tion due to cold environment. Data have shown that animals with
cold exposure become hyperphagic (20), indicating that animals
increase their energy intake to meet energy demands derived
from increased energy expenditure, i.e., cold exposure actually
elevates both thermal sensory (directly) and feeding regulatory
(secondarily) neuronal activities. For instance, hypothalamic
orexigenic peptides (such as ARC AgRP/NPY) would be elevated
while anorectic peptides (such as POMC) would be decreased to
promote energy intake to restore energy balance. Thus, although
ARC AgRP/NPY and POMC neurons play an important role in
the regulation of energy expenditure, these neural systems do
not appear to contribute to cold-induced thermogenesis physi-
ologically. Similarly, we have found that knockdown of NPY in the
DMH enhanced cold-induced thermogenesis via increased BAT
thermogenesis, but NPY gene expression is actually increased in
the DMH of intact rats in response to cold exposure. Thus, these
data support the view that physiologically, the hypothalamic
systems are organized in the way to integrate central and periph-
eral signals (derived from changes in energy status) to maintain
energy homeostasis. Recently, cold exposure has been shown to
promote recruitment of active brown and/or beige adipocytes in
fat depots of adult humans (1-6). Lean subjects have increased
BAT thermogenesis much greater than obesity subjects by explor-
ing to a cold environment, suggesting that loss of active BAT in
obese individuals may become a contribute factor to obesity
pathologically. Do the hypothalamic neural systems in the overall
control of energy balance also go awry in these individuals? In
other words, while thinking of cold-induced recruitment of active
BAT for fighting against obesity, adding additional activation of
SNS outflow to BAT through manipulating hypothalamic neural
activities, such as knockdown of DMH NPY, could provide an
important route for the effective control of body weight.

Diet-Induced BAT Thermogenesis

Diet-induced thermogenesis in BAT was initially reported in
1979 by Rothwell and Stock who showed that rats fed high energy
cafeteria diet (containing high fat and sugar) had increased body
core and BAT temperature (88). This effect appears diet selective
as the thermogenic capacity of BAT was reduced in rats fed a high

Frontiers in Endocrinology | www.frontiersin.org

73

August 2015 | Volume 6 | Article 136


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org

Zhang and Bi

Hypothalamic regulation of BAT thermogenesis

protein, carbohydrate-free diet (89). Similar to the SNS media-
tion of cold-induced BAT thermogenesis, -adrenergic receptors
are necessary for diet-induced thermogenesis because mice
lacking p-adrenergic receptors developed massive obesity that
was due entirely to a failure of diet-induced thermogenesis (22).
In contrast to well-studied cold-induced thermogenesis (61), the
central neuromodulation of diet-induced thermogenesis remains
less understood. Feeding studies have shown that signals arisen
from peripheral metabolic changes can be relayed to the CNS
through vagal afferent signaling pathways during the control of
food intake. Recent studies have demonstrated the importance of
this vagal signaling in BAT thermogenesis. Blouet and Schwartz
reported that duodenal lipid sensing activates vagal afferents to
regulate BAT thermogenesis in rats (90). This effect can be blocked
by systemic administration of the cholecystokinin (CCK)-1

receptor antagonist or parenchymal administration of the glu-
tamate N-methyl-D-aspartate receptor blocker MK-801 directly
into the caudomedial nucleus of the solitary tract (NTS), indicat-
ing that the CCK-NTS signaling also mediates diet-induced BAT
thermogenesis. Intriguingly, peripheral administration of CCK
activates neurons in the NTS, as well as within the PVN and the
DMH using c-Fos as an activation marker (91), suggesting that
neurons in the PVN and the DMH may modulate diet-induced
thermogenesis as well as control food intake.

Stress-Induced BAT Thermogenesis

Stress has long been recognized to cause thermogenesis or hyper-
thermia. Forced immobilization stress results in increased heat
production in BAT and this effect is prevented by sympathetic
denervation of BAT (92), indicating that stress-induced BAT

Stress

Dietary
challenges
HF diet

BMP8 from BAT
Estrogens from ovarian
GLP-1 from intestine

Cold

environment

FIGURE 1 | Model of hypothalamic neural regulation of BAT
thermogenesis. Within the hypothalamus, the POA contains thermal-sensitive
neurons that receive and integrate thermal sensory signals from cold exposure
to promote BAT thermogenesis through the POA-DMH-rRPa pathway. The
rRPa contains sympathetic premotor neurons that relay central thermal signals
from the POA and DMH to affect sympathetic activity of BAT to produce heat.
The DMH and rRPa pathway also contributes to the central regulation of
stress-induced BAT thermogenesis and hyperthermia. Stress stimulation
activates thermoregulatory neurons within the DMH thereby affecting
sympathetic input to the rRPa to cause thermogenesis, but the upstream
neural pathway from the DMH remains unclear. The hypothalamus contains
both orexigenic and anorexigenic neurons, such as NPY neurons in the DMH,
NPY/AGRP neurons and POMC neurons in the ARC, and orexin and
melanin-concentrating hormone (MCH) neurons in the LH. These neurons are
also involved in thermoregulation. Excessive high-fat diet likely results in
alterations to these neuronal activities to increase energy expenditure (BAT

thermogenesis) in order to restore energy balance, but neural circuits
contributing to diet-induced thermogenesis have yet to be well characterized.
Furthermore, the hypothalamus can mediate the effects of peripheral signals on
BAT thermogenesis likely through a neuroendocrine fashion. For instance,
BMP8 from BAT, estrogens from ovaries, and GLP-1 from intestine all have a
significant impact on BAT thermogenic action through the VMH. Both classical
interscapular brown adipose tissue (IBAT) and beige/brite cells in the white
adipose tissue (WAT) are under the control of sympathetic nervous system
(SNS). *Solid lines or arrows indicate the known pathways, and dash lines or
arrows indicate unknown pathways. BAT, brown adipose tissue; iBAT,
interscapular brown adipose tissue; POA, preoptic area; DMH, dorsomedial
hypothalamus; rRPa, rostral raphe pallidus; NPY, neuropeptide Y; AGRP,
agouti-related peptide; POMC, proopiomelanocortin; BMP8, bone
morphogenetic protein 8; GLP-1, glucagon-like peptide-1; PVN, paraventricular
hypothalamus; LH, lateral hypothalamus; VMH, ventromedial hypothalamus;
ARG, arcuate nucleus; HF diet, high-fat diet.
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thermogenesis is mediated through the SNS. Further studies have
shown a cross adaptive thermogenesis between cold and stress.
Repetitive immobilization stress improves cold tolerance. This
improvement is likely through enhancing the capacity of BAT
thermogenesis because noradrenaline (NA) turnover of BAT was
greatly increased by both stress and cold challenges (93). Despite
these observations, the central neural mechanism underlying the
effect of stress on BAT thermogenesis has yet to be explored till
recently. Given that the DMH is an important site for autonomic
responses to stress stimuli (94), Kataoka and colleagues have dem-
onstrated that the DMH-rRPa neural pathway also mediates a psy-
chosocial stress-induced thermogenesis in BAT (95). Inactivation
of DMH neurons via muscimol prevents stress-induced increases
in BAT and body temperature (95). Within the rRPa, both gluta-
matergic and serotonergic neurons are involved in psychosocial
stress-induced BAT thermogenesis and hyperthermia as injection
of glutamate receptor antagonists or a 5-HT1a receptor agonist
eliminated these thermogenic effects induced by social defeat
stress (95). Moreover, in response to repetitive insertion of a
temperature probe into their rectum (handling stress), prepro-
orexin knockout mice showed a normal temperature change as
compared to that of wild-type littermates (WT), while orexin
neuron-ablated mice showed an attenuated response, suggesting
that neurotransmitters other than orexin in orexin neurons play
an important role in stress-induced non-shivering thermogenesis
(96). Furthermore, data have shown that in addition to its feed-
ing effect, NPY plays a pivotal role in modulating various stress
responses (97), but a particular role for hypothalamic NPY in
the regulation of stress-induced hyperthermia is undetermined.
We have recently found that knockdown of NPY in the DMH
promotes BAT thermogenesis, elevates energy expenditure, and
enhances cold stress response (98). Thus, DMH NPY signaling
might also contribute to stress-induced thermogenesis.
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Hepatic CEACAM1 over-expression
protects against diet-induced fibrosis
and inflammation in white adipose
tissue

Sumona G. Lester"?, Lucia Russo™?, Simona S. Ghanem'?, Saja S. Khuder'?,
Anthony M. DeAngelis™?, Emily L. Esakov®, Thomas A. Bowman'?, Garrett Heinrich™?,
Qusai Y. Al-Share™?, Marcia F. Mcinerney™*, William M. Philbrick* and Sonia M. Najjar™**

" Center for Diabetes and Endocrine Research, College of Medicine and Life Sciences, University of Toledo, Toledo, OH, USA,
2 Department of Physiology and Pharmacology, College of Medicine and Life Sciences, University of Toledo, Toledo, OH,
USA, ° Department of Medicinal and Biological Chemistry, College of Pharmacy and Pharmaceutical Sciences, Toledo, OH,
USA, *Section of Endocrinology and Metabolism, Department of Internal Medicine, Yale University School of Medicine,
New Haven, CT, USA

CEACAM1 promotes insulin extraction, an event that occurs mainly in liver. Pheno-
copying global Ceacam? null mice (Cc177), C57/BL6J mice fed a high-fat (HF) diet
exhibited reduced hepatic CEACAM1 levels and impaired insulin clearance, followed
by hyperinsulinemia, insulin resistance, and visceral obesity. Conversely, forced liver-
specific expression of CEACAM1 protected insulin sensitivity and energy expenditure,
and limited gain in total fat mass by HF diet in L-CC1 mice. Because CEACAM1 protein
is barely detectable in white adipose tissue (WAT), we herein investigated whether hepatic
CEACAM1-dependent insulin clearance pathways regulate adipose tissue biology in
response to dietary fat. While HF diet caused a similar body weight gain in L-CCH,
this effect was delayed and less intense relative to wild-type (WT) mice. Histological
examination revealed less expansion of adipocytes in L-CC1 than WT by HF intake.
Immunofluorescence analysis demonstrated a more limited recruitment of crown-like
structures, and gRT-PCR analysis showed no significant rise in TNFa. mRNA levels in
response to HF intake in L-CC1 than WT mice. Unlike WT, HF diet did not activate TGF-3
in WAT of L-CC1 mice, as assessed by Western analysis of Smad2/3 phosphorylation.
Consistently, HF diet caused relatively less collagen deposition in L-CC1 than WT mice,
as shown by Trichrome staining. Coupled with reduced lipid redistribution from liver
to visceral fat, lower inflammation and fibrosis could contribute to protected energy
expenditure against HF diet in L-CC1 mice. The data underscore the important role of
hepatic insulin clearance in the regulation of adipose tissue inflammation and fibrosis.

Keywords: insulin clearance, liver-adipose tissue axis, insulin resistance, steatosis, CEACAM1, fibrosis,
inflammation

Abbreviations: o.-Sma, alpha-smooth muscle actin; ApoB48/ApoB100, apolipoprotein B; Col60.3; alpha 3 chain of collagen 6-
also known as endotrophin; Cc1™, global Ceacam1 null mouse; CEACAMI, carcinoembryonic antigen-related cell adhesion
molecule 1; Ceacam1, gene encoding CEACAML1 protein; Fasn, fatty acid synthase; FAT/CD36, fatty acid translocase/cluster of
differentiation protein 36; FATP, fatty acid transporter protein; HF, high-calorie high-fat diet; Hsl, hormone-sensitive lipase; L-
CCl1, mice with liver-specific over-expression of wild-type CEACAM1; Lpl, lipoprotein lipase; L-SACCI, liver-specific S503A
CEACAMI1 mutant mouse; NEFA, non-esterified fatty acids; RD, regular diet; SREBP-1c, sterol regulatory element-binding
protein; TNFo, tumor necrosis factor alpha; TGF-f transforming growth factor beta.
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Introduction

Carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM1) promotes insulin extraction in liver to regulate
insulin action. This finding is bolstered by the observation that
mice with liver-specific inactivation of CEACAM1 (L-SACC1)
or with global null deletion of Ceacaml gene (Ccl™”~) manifest
hyperinsulinemia secondary to impaired insulin clearance. This
causes insulin resistance in addition to hepatic steatosis (1-3). The
latter is mediated by the transcriptional activation of lipogenic
genes by sterol regulatory element-binding protein (SREBP-1c)
in response to chronically elevated levels of insulin (4). It can
also be caused by blunted CEACAM1-mediated downregulation
of fatty acid synthase (Fasn) activity under hyperinsulinemic
conditions (5).

Both L-SACCI and CcI™/~ mutant mice also display vis-
ceral obesity (1-3). Contributing to this metabolic anomaly, is
increased redistribution of hepatic triacylglycerol to white adi-
pose tissue (WAT), in particular that mice are propagated on
the C57/BL6] genetic background, which favors redistribution to
adipose tissue (6).

We have recently shown that high-fat (HF) intake causes insulin
resistance in part by reducing CEACAMI1 mRNA and protein
levels in liver (7). Conversely, transgenically protecting hepatic
CEACAMI1 in L-CC1 mice prevented diet-induced insulin resis-
tance and limited hepatic steatosis in response to HF diet (7).
Additionally, it blunted the negative effect of HF diet on energy
expenditure and spontaneous locomotor activity. This protective
effect of hepatic CEACAMI gain-of-function could be mediated,
at least in part, by inducing FGF21, which in turn, enhances fatty
acid oxidation in liver (8, 9) and increases brown adipogene-
sis (10, 11).

L-CCl transgenic mice with liver-specific gain-of-function
also accumulated less total fat mass than their wild-type (WT)
counterparts in response to 4 months of HF intake (7). Because
CEACAMI is barely detectable at the protein level in adipose
tissue (12), we hypothesized that extra-adipocytic factors brought
about by overexpressing CEACAMI in liver are involved. To
test this hypothesis, we investigated whether altered CEACAM1-
dependent insulin clearance pathways regulate adipose tissue
biology in response to HF diet.

Materials and Methods

Mice Generation

As recently described (7), L-CCl1 transgenic mice with liver-
specific over-expression of FLAG-tagged WT rat CEACAMI1
were generated using human apolipoprotein A1 (APOA1) pro-
moter/enhancer element (13), and propagated on the C57/BL6]
background (Jackson Laboratories), as described (7). The “mini-
gene” construct was obtained by subcloning the proximal APOA1
promoter 5" of a Ceacam1 rat minigene-containing intron 1 into
pCMV-3Tag-3A plasmid at Not1 site.

Starting at 2 months of age, male mice were fed ad libitum either
astandard diet (12:66:22% calories from fat:carbohydrate:protein)
or a HF diet (45:35:20% calories from fat:carbohydrate:protein)
(Catalog #D12451, Research Diets). Mice were kept in a

12-h-dark/light cycle. This study was carried out in accordance
with the recommendations of the Institutional Animal Care and
Utilization Committee (IACUC), which approved all procedures.

Metabolic Parameters

Mice were fasted overnight and their retro-orbital venous blood
drawn at 11:00 hours the following day. Plasma was stored at
—80°C until levels of insulin (Linco Research), FFA (NEFA C,
Wako), and triacylglycerol (Pointe Scientific Triglyceride, Can-
ton) were assessed. Hepatic triacylglycerol content was measured
as previously described (1, 3).

Body Composition
Whole body composition was assessed by nuclear magnetic reso-
nance (NMR; Bruker Optics).

Immunofluorescence of Visceral White

Adipose Tissue

Visceral WAT was formalin-fixed, cut into 2-3mm sections,
and transferred to Dulbecco’s phosphate buffered saline (PBS,
Sigma Aldrich) for 48 h at 4°C. Adipose tissue was permeabilized
in 1% Triton X-100 (Fisher) in PBS for 10 min before being
stained with rat anti-mouse F4/80 (Invitrogen, Carlsbad) to mark
macrophages and detected with donkey anti-rat IgG conjugated to
Alexa Fluor488 (Invitrogen). Tissues were incubated with primary
antibodies overnight at room temperature (RT) in the dark and
washed 3x with staining buffer before being subjected to sec-
ondary stain for 2h and wash (3x) in PBS. Stained samples were
then counterstained for 15 min at RT with 5 uM BODIPY 558/568
(Molecular Probes, Inc.) to visualize lipid. Adipose tissue samples
were placed directly on a coverslip with buffer and visualized.

Laser-Scanning Confocal Microscopy

Samples were imaged using a Leica TCS SP5 laser-scanning micro-
scope (Leica Microsystems) equipped with conventional solid
state and a Ti-sapphire tunable multi-photon laser (Coherent).
Images were acquired in the 3D XYZ plane in 2.5 im steps with a
20x objective (NA 0.70) using the sequential scan mode to elimi-
nate any spectral overlap in the individual fluorophores. Specif-
ically, AlexaFluor488 (Invitrogen) was excited at 488 nm with
collection at 500-558 nm. The BODIPY 558/568 dye (Molecular
Probes, Inc.) was excited at 561 nm and collected at 567-609 nm.
Selected images are a 2D representation of the 3D laser-scanning
confocal microscopy (LSCM) image z-stack, as labeled.

Gomori’s Trichrome Staining

Adipose tissue (n = 5 per mouse group) was fixed in 10% formalin
and replaced by 70% ethanol before undergoing blocking in paraf-
fin. Sections were deparaffinized at 60°C and hydrated in deion-
ized water. Antigens were unmasked in Bouin’s Fluid at 56°C for
45 min. Upon rinsing in deionized water, nuclei were stained with
Working Weigert’s Iron Hematoxylin at RT for 10 min. Trichrome
stain was performed using the Thermo Scientific Richard-Allan
Scientific Chromaview-advanced Testing (Cat. No. 87020). In
brief, rinsed slides were trichrome stained at RT for 15 min and
dehydrated sequentially in 1% acetic acid solution for 1 min, 95%
ethanol for 30 s, and 100% ethanol for 1 min (twice). Sections were
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then cleared in three changes of clearing reagent for 1 min each
and mounted.

Western Analysis

Tissues were lysed and proteins analyzed by SDS-PAGE fol-
lowed by immunoprobing with polyclonal antibodies against
Fasn (o.-Fasn) (Assay Designs), fatty acid translocase/cluster of
differentiation protein 36 (FAT/CD36) (Santa Cruz Biotechnol-
ogy), apolipoprotein B (Chemicon International), and total and
phospho-Smad 2 and Smad 3 (Cell Signaling). For normalization,
monoclonal antibodies against oi-actin (Santa Cruz) were used.
Blots were incubated with horseradish peroxidase-conjugated
anti-goat IgG (Santa Cruz Biotechnology), anti-mouse or anti-
rabbit IgG (Amersham) antibodies, and proteins detected by
enhanced chemiluminescence (ECL; Amersham) prior to quan-
tification by densitometry (Image ] software).

Semi-Quantitative Real-Time RT-PCR

Total hepatic RNA was isolated with PerfectPure RNA Tissue
Kit (5'), and total adipose tissue RNA was isolated with RNeasy
Lipid Tissue Mini Kit (Qiagen) according to the manufacturer’s
protocol. cDNA was synthesized by ImProm-II"" Reverse Tran-
scriptase (Promega), using 1 ug of total RNA and oligo dT primers
(Table 1). cDNA was evaluated with real-time quantitative PCR
(Step One Plus, Applied Biosystems). The relative amounts of
mRNA were calculated by comparison to the corresponding stan-
dards and normalized relative to 18S.

Statistical Analysis

Data were analyzed with SPSS software by two-way analysis of
variance (ANOVA) or two-tailed Student’s ¢-test with GraphPad
Prism 4 software. P < 0.05 was statistically significant.

Results

Lipid Metabolism

As expected, HF diet caused hyperinsulinemia and fed hyper-
glycemia (Table 2), markers of insulin resistance, in WT mice.
In support of the positive effect of hyperinsulinemia on lipo-
genesis (4), qRT-PCR (Table 3) and Western blot analysis
showed increased mRNA and protein levels of Fasn, respec-
tively, in the liver of HF-fed WT mice relative to mice fed a
regular diet (RD) (Figure 1A). HF diet also induced hepatic
mRNA (Table 3) and protein levels of CD36 fatty acid translo-
case (Figure 1A), in addition to inducing the mRNA level of
fatty acid transport protein-1 (Fatp-1) (Table 3). Together with
increased lipogenesis, elevated lipid transport could contribute
to increased hepatic triacylglycerol content in HF-fed WT mice
(Table 2).

Increased production of hepatic triacylglycerol drives
output, as supported by elevated plasma apolipoprotein B
(ApoB48/ApoB100) protein levels in WT mice (Figure 1B).
With fasting plasma triacylglycerol levels being intact (Table 2),
it is likely that triacylglycerol was redistributed to the WAT, as
expected from mice on the C57/BL6J genetic background that
favors substrates partitioning to the adipose tissue (6). Supporting
this notion, mRNA levels of Fatp-4 and lipoprotein lipase (Lpl)

TABLE 1 | Real-time PCR primer sequences from mouse genes.

Primer Forward sequence (5'-3') Reverse sequence (5'-3')

Cd36 TCTTGGCTACAGCAAGGCC AGCTATGCATGGAACATGACG
AGATA

Fatp-1 TCACTGGCGCTGCTTTGGTT GGACGTGGCTGTGTATGG

Fatp-4 GTGAGATGGCCTCAGCTATC GAAGAGGGTCCAGATGCTCT

Lpl AAGGTCAGAGCCAAGAGAA CCAGAAAAGTGAATCTTGACT
GCA TGGT

Srebp-1c  GGAGCCATGGATTGCACATT GCTTCCAGAGAGGAGGCCA

Hsl GGCTTACTGGGCACAGATACCT CTGAAGGCTCTGAGTTGCTCAA

F4/80 CAAGGAGGACAGAGTTTATCGTG CTTTGGCTATGGGCTTCCAGTC

TNFo CCACCACGCTCTTCTGTCTAC AGGGTCTGGGCCATAGAACT

Smad7 GTTGCTGTGAATCTTACGGG ATCTGGACAGCCTGCA

Coléa3 ACCTAGAGAACGTTACCTCACT GTCAGCTGAGTCTTGTGCTGT

o-Sma CGTGGCTATTCCTTCGTTAC TGCCAGCAGACTCCATCC

18S TTCGAACGTCTGCCCTATCAA ATGGTAGGCACGGCGACTA

that are critical in lipid transport to the adipocyte were elevated
in HF-fed relative to RD-fed WT mice (Table 4). This appears to
drive adipogenesis, as suggested by higher Srebp-1c mRNA levels
(Table 4), and ultimately, increased visceral obesity (Table 2).
Elevated mRNA levels of hormone sensitive lipase (Hsl) (Table 4)
and the rise in fasting plasma NEFA levels (Table 2) are consistent
with increased lipolysis in HF-fed WT mice.

In L-CC1 mice, however, hepatic triacylglycerol content was
neither modified by HF intake (Table 2) nor were mRNA levels
of Fasn, Fatp-1, and Cd36 (Table 3). Consistent with normal
hepatic lipogenesis, plasma ApoB48/ApoB100 protein levels in L-
CCI mice were not significantly altered by HF diet (Figure 1B).
Moreover, HF did not modulate the mRNA level of genes involved
in lipid metabolism in the adipocyte (Lpl, Fatp-4, and Srebp-1c)
(Table 4). Consistent with normal fasting plasma NEFA (Table 2),
HF did not alter Hsl mRNA levels in the WAT of L-CCl, as it did
to WT mice (Table 4).

Visceral Obesity

High-fat feeding time dependently increased body weight gain
in WT mice (Figure 2A). In contrast, it took >6 weeks before
HF induced a statistically significant body weight gain in L-
CCI1 (Figure 2A). NMR analysis (Figure 2B) revealed persistently
lower fat mass in L-CCl1 relative to WT mice under normal feeding
conditions until ~5 months of age, at which point this difference
became statistically insignificant (Figure 2B, starting at about
11 weeks of experimental feeding). In contrast to total fat mass,
visceral (mostly gonadal) and subcutaneous fat mass remained
lower in RD-fed L-CC1 than RD-fed WT mice even until 6 months
of age (Table 2).

While HF feeding caused an increase in total fat mass relative
to RD feeding in both mouse groups, this effect was delayed (at
5 vs. 3weeks in L-CC1 vs. WT) (Figure 2B). Furthermore, fat
accumulation in L-CC1 mice did not become significantly higher
than RD-fed WT until after 7 weeks of HF feeding but remained
lower than HF-fed WT even after 4 months of HF, as shown by
NMR (Figure 2B), and by 'H-magnetic resonance spectroscopy
(7). After 4 months of HF diet, visceral fat mass remained lower
in L-CC1 than WT mice, while subcutaneous fat mass became
comparable in both groups of mice (Table 2).
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TABLE 2 | Effect of high-fat diet for 4 months on plasma and tissue biochemistry.

WT L-CC1
RD HF RD HF

Body weight (BW) (g) 26.0+0.80 34.0+1.12" 24.0+1.03 34.0+£2.32*
Body length (cm) 9.73+1.52 10.5+2.21 9.70 +1.00 10.4+1.77
Visceral adipose tissue (% BW) 2.454+0.25 7.55+£0.26" 1.36 +0.26" 5.76 4 0.48*"
Brown adipose tissue (% BW) 0.394+0.05 0.394+0.03 0.34 +0.03 0.36 +0.04
Subcutaneous fat (% BW) 1.76 +£0.12 6.23 £0.51* 1.18 £0.13" 5.02 +0.65*
Fasting plasma insulin (pM) 60.0+1.43 162.0 £ 8.15* 58.2+2.14 78.3 +£3.34*"
Fed blood glucose (mg/dl) 120.0 + 1.42 150.0 £ 3.52* 124.0+3.25 130.0 +2.827
Hepatic triacylglycerol (ug/mg protein) 122.0 £5.00 505.0 +20.4* 135.0 £ 3.40 152.0 + 14.0"
Fasting plasma triacylglycerol (mg/dl) 65.4 £+ 3.82 75.3 £+ 4.60 50.3 +£3.227 58.4 + 1.42F
Fasting plasma NEFA (mEq/l) 0.62+0.04 0.92 £0.03* 0.58 £0.02 0.64 + 0.04"

Mice (n > 8/feeding group/genotype) were fed an HF diet for 4 months starting at 2 months of age. Fat depots were excised and weighed. Intra-abdominal visceral adipose tissue fat
refers to combined weight of mesenteric and gonadal fat. The relative mass of fat depots was expressed as percentage of body weight (% BW).

Values are expressed as mean + SEM.
*P < 0.05 HF vs. RD per genotype.
TP < 0.05 L-CC1 vs. WT per feeding group.

TABLE 3 | Effect of high-fat diet on mRNA levels of lipid metabolism genes
in liver.

WT L-CC1
RD HF RD HF
Fasn 1.26+0.12 3.60 £0.40" 1.00+£0.20 1.4540.25"
Cd36 1.23+£0.11 2.004+0.30" 0.67+0.12 0.86+0.12"
Fatp-1 1.19+0.15 2.33+0.10° 1.18 £0.05 0.87 £0.08"

Tissue mRNA levels were analyzed in duplicate per mouse (n>6 mice/feeding
group/genotype).

Values were normalized to 18S and expressed as mean + SEM.

*P < 0.05 HF vs. RD per genotype.

TP < 0.05 L-CC1 vs. WT per feeding group.

A Liver
D

F

12

Ib: a-Fasn <-Fasn
Ib: a-CD36 [__ = =|«CD36

relb: a-Actin E <«Actin

o
[ ]

B Plasma

WT L-CC1
RD HF RD HF

Ib: a-ApoB

FIGURE 1 | Western analysis of proteins involved in hepatic lipid
homeostasis. (A) Liver lysates from wild-type mice fed a regular (RD) or a
high-fat diet (HF) for 4 months were analyzed by immunoblotting with a-Fasn
and o-CD36 antibodies, followed by reprobing with a-actin for normalization.
A representative gel of three different experiments performed on two mice per
feeding group is included. (B) Plasma from both WT and L-CC1 mice was
diluted and analyzed by 4-10% gradient SDS-PAGE and immunoblotting with
an antibody against apolipoprotein B (ApoB), which recognizes both ApoB48
and ApoB100. A representative gel of two independent experiments
performed on two different pairs of mice per feeding group per genotype is
included.

TABLE 4 | Effect of 4 months of high-fat diet on mRNA of genes in white
adipose tissue.

WT L-CC1
RD HF RD HF
Fatp-4 0.80+0.10 1.80+0.22* 0.96+0.24 0.55+£0.117
Lpl 1.20£0.21 3.5614+0.30" 1.12£0.12 1.25+0.40"
Srebp-1c 1.09+£0.13 4.08+0.70" 1.26 £0.51 0.94 £0.327
Hsl 0.494+0.10 0.80£0.11* 0.51£0.13 0.27 £0.147
F4/80 8.85+4.50 21.8+2.61" 5.45+1.22 9.08 +3.01*
TNFo 2.75+1.37 6.56 +£0.78" 3.55+0.78 3.01£1.05"
Smad7 11.3£2.56 1.72 £0.40* 16.2+£2.05 9.40 +2.04"
Col6a3 0.67 £ 0.1 1.568+0.25% 0.68 £0.17 0.48 £0.13"
o-Sma 0.03+0.01 1.05+0.33" 0.06 +0.01 0.1940.05"

Mice (n > 5 per feeding group per genotype) were fed an HF diet for 4 months starting at
2months of age.

Tissue mRNA levels were analyzed in duplicate per each mouse and normalized to 18S.
Values are expressed as mean + SEM.

*P < 0.05 HF vs. RD per genotype.

TP < 0.05 L-CC1 vs. WT per feeding group.

Increased Macrophage Recruitment to White
Adipose Tissue in Response to High-Fat Diet
Histological analysis of H&E stained sections from WAT showed
a significant expansion of adipocytes in both groups of mice in
response to 4 months of HF intake, but to a lower extent in L-CC1
mice (Figure 3).

Moreover, immunofluorescence analysis of F4/80, a
macrophage marker, showed multiple crown-like structures
(CLS) containing macrophages in WAT from HF-fed WT mice
(Figures 4A,A’, green). As previously shown (14), moving
through the individual z-stack sections shows numerous small
pieces of lipid inside the macrophages in CLS (Figures 4A,A),
indicating adipocyte degradation in HF-fed WT mice. In contrast,
HF-fed L-CC1 mice exhibited minimal CLS formation with little
evidence of lipids inside the macrophages in these structures.
Consistently, HF diet-induced F4/80 mRNA levels by ~2.5-fold
in WT as compared to ~1.5-fold in WAT of L-CC1 mice, and
mRNA levels of TNFo adipokine in WT mice (by ~2-fold), but
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FIGURE 2 | Time-dependent effect of high-fat diet on fat distribution.
(A) Mice (n > 10 mice/feeding group/genotype) were fed a regular (RD) or a
high-fat (HF) diet and their body weight (grams) was weighed for 0-24 weeks.
Values expressed as mean + SEM. *P < 0.05 HF vs. RD and

TP < 0.05L-CC1 vs. WT per feeding group. (B) Whole body fat mass was
determined using NMR and expressed as percentage of total body weight

(n > 10 mice/feeding group/genotype). Values expressed as mean + SEM.
*P < 0.05 HF vs. RD, TP < 0.05L-CC1 vs. WT per feeding group and

$P < 0.05 HF-fed L-CC1 vs. RD-fed WT mice.
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>
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FIGURE 3 | Histological analysis of white adipose tissue. \White adipose
tissue histology was assessed in H&E stained sections (n > 4 mice/feeding
group/genotype). Lipid droplets indicate adipocytes’ expansion in response to
high-fat (HF) relative to regular diet (RD) in both genotypes. Of note, the
expansion in L-CC1 was relatively weaker than in WT mice. Representative
images from three sections per mouse are shown.

not in L-CC1 mice (Table 4). Together, this demonstrates that
protecting hepatic CEACAMI levels against HF diet limited the
development of inflammation in the WAT of L-CC1 mice.

Induction of Fibrosis and TGF-f Activation in
White Adipose Tissue by High-Fat Diet

In agreement with reports showing TNFo inhibition of the
expression of Smad 7 (15), a negative regulator of TGEF-
B-Smad2/3 signaling pathway (16, 17), HF markedly repressed

FIGURE 4 | Immunofluorescence analysis of white adipose tissue.
Whole white adipose tissue from HF-fed WT and L-CC1 mice was stained
with BODIPY 558/568 to detect lipid (gray) and with anti-F4/80 to detect
macrophages (green). All images were captured using LSCM with a 20 x
objective and are 2D projections of a 3D image z-stack. (A) Representative
picture from HF-fed WT mice. Yellow arrows show multiple areas with
crown-like structures (CLS). (A’). A blow up of the area around the bottom left
yellow arrow in (A) showing multiple layers of CLS containing macrophages
(green) surrounding adipocytes (gray). Also visible are small pieces of lipid
inside the macrophages. (B) Representative projection from HF-fed L-CC1
mice. One yellow arrow points out the single CLS detected in the image. (B’).
A blow up of the single CLS in (B) (yellow arrow) surrounding one adipocyte
from HF-fed L-CC1 mice. No small pieces of lipid are visible inside of
macrophages. Representative images from three sections per mouse are
shown.

(by ~5-fold) the mRNA level of Smad 7 in WT, but not L-CCl1
mice (Table 4). Subsequently, HF induced Smad 2 and Smad 3
activation in the WAT of WT, but not L-CC1 mice, as assessed
by Western analysis of Smad 2 and Smad 3 phosphorylation
(Figure 5A).

In adipose tissue derived from WT, but not L-CC1 mice, HF
induced significantly the transcript levels of two main players in
fibrosis (Table 4): o.-smooth muscle actin (0-Sma) (by >10-fold)
and endotrophin/Col6a3 (by ~2-fold), a protein that promotes
metabolic derangement and fibrosis in adipose tissue (18). This
translated into a higher induction of collagen deposition in the
WAT of WT than L-CC1 mice by HF feeding, as shown by
trichrome staining (Figure 5B).

Discussion

Phenocopying L-SACC1 mice with liver-specific inactivation of
CEACAMI and global CcI™/~ null mice (1-3), HF diet represses
hepatic CEACAM]1 levels to impair insulin clearance and cause
hyperinsulinemia, which in turn, activates de novo lipogenic
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A Western analysis of white adipose tissue

WT L-CC1
RD HF RD HF

Tb: o-pSmad2 [IEESEE S S
& o. Ny s

ik Sk el Bl

Ib: a-Smad2

e B e s mih

———— W st 2o

B Trichome staining of white adipose tissue

RD HF
] = \(‘ e

i
Ll N
4

Ib: o-pSmad3

Ib: a-Smad3

W
¥ J
|\ - 3 >
T\
(-v ~\
"\. ;1
E / N ;
. =

L-CC1
&

FIGURE 5 | Fibrosis in white adipose tissue. (A) Lysates from white
adipose tissue of wild-type (WT) and L-CC1 mice fed a regular (RD) or a
high-fat diet (HF) for 4 months were analyzed by immunoblotting with
o-phospho-Smad 2 and phospho-Smad 3 antibodies followed by
reimmunoprobing (relb) with antibodies against total Smad 2 and 3,
respectively, for normalization. A representative gel of three experiments
performed on two different mice per feeding group is included. (B) White
adipose tissue from five mice/feeding group/genotype was analyzed by
trichrome staining to detect collagen deposition. Representative images from
three sections per mouse are shown.

pathways and elevates lipid production in liver (7). The current
studies show that this drives lipid output (manifested by a rise in
plasma ApoB100/ApoB48) and redistribution to WAT to provoke
visceral obesity. This is consistent with a positive correlation
between liver steatosis, hyperinsulinemia, and high plasma ApoB
levels in humans and rodents (19-23). For instance, mice with
conditional null mutation of the insulin receptor in liver exhibit
impairment of insulin clearance and hepatic insulin resistance
with elevated lipogenesis, and a rise in plasma ApoB100/ApoB48
levels in parallel to low plasma triacylglycerol levels and obe-
sity (24).

In support of the important role that reducing hepatic CEA-
CAMI1 level plays in the pathogenesis of diet-induced metabolic
derangement, protecting hepatic CEACAMI1 levels by means of
transgenic induction preserves insulin clearance and prevents
insulin resistance and hepatic steatosis in response to HF feed-
ing (7). The current studies show that it also causes a delay

in the progression of fat accumulation and limits the expan-
sion of adipocytes in response to HF diet. Together, this sup-
ports an important role for altered CEACAM1-dependent insulin
clearance pathways in the pathogenesis of diet-induced hepatic
steatosis and visceral obesity. These findings lend a mechanistic
underpinning for the marked reduction of hepatic CEACAM1
observed in insulin-resistant obese subjects (25).

Immunofluorescence analysis showed less recruitment of CLS-
containing macrophages to the WAT of L-CC1 and less adipocyte
degradation inside these macrophages compared to WT mice.
In addition to normal mRNA levels of TNFa, an adipokine that
blunts insulin action (26), this could explain the protected insulin
sensitivity along the liver-WAT axis (7).

In addition to inflammation (26), visceral obesity and insulin
resistance are associated with increased fibrosis and activation of
TGF-P signaling pathways in WAT in rodents (18, 27) and humans
(28). Consistently, HF feeding induced more collagen deposition
and activation of the TGF-B-Smad 2/3 pathway (16, 17) in WT
than L-CC1 mice. This could prevent adipose tissue remodeling
and contribute to the more metabolic derangement in HF-fed WT
mice (29).

In summary, the current studies demonstrate that gain-of-
function of CEACAMI in liver restricts visceral obesity caused by
HF diet, and that this is mediated, at least in part, by reducing lipid
output from liver and limiting inflammation and fibrosis in WAT.
Together with increased FGF21 production (7), this could mediate
in part, preserved energy expenditure in L-CC1 mice (7, 28, 30).
Because CEACAMI1 protein is not produced to a significant extent
in WAT (12), preserving adipose tissue biology could be attributed
to extra-adipocytic factors caused by inducing CEACAM1 expres-
sion in liver. Although the underlying mechanisms are not fully
delineated, the current studies provide a proof-of-principle of the
importance of hepatic CEACAM1-dependent insulin clearance in
the regulation of visceral obesity, and adipose tissue inflammation
and fibrosis in response to HF diet.
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Brown adipose tissue (BAT) is considered an interesting target organ for the treatment of
metabolic disease due to its high metabolic capacity. Non-shivering thermogenesis, once
activated, can lead to enhanced partitioning and oxidation of fuels in adipose tissues,
and reduce the burden of glucose and lipids on other metabolic organs such as liver,
pancreas, and skeletal muscle. Sustained long-term activation of BAT may also lead to
meaningful bodyweight loss. In this review, we discuss three different drug classes [the
thiazolidinedione (TZD) class of PPARy agonists, ps-adrenergic receptor agonists, and
fibroblast growth factor 21 (FGF21) analogs] that have been proposed to regulate BAT
and beige recruitment or activation, or both, and which have been tested in both rodent
and human. The learnings from these classes suggest that restoration of functional BAT
and beige mass as well as improved activation might be required to fully realize the
metabolic potential of these tissues. Whether this can be achieved without the undesired
cardiovascular side effects exhibited by the TZD PPARy agonists and fs-adrenergic
receptor agonists remains to be resolved.

Keywords: brown adipose tissue, thermogenesis, uncoupling protein 1, drug discovery, PPARy agonists,
thiazolidinediones, ps-adrenergic receptor agonists, FGF21 analogs

INTRODUCTION

According to the International Diabetes Federation (IDF), 8.3% of adults worldwide - 370
million people - have type-2 diabetes (T2D), and the number of people with the disease is set
to rise beyond 592 million in under 25 years (1). Although there are many drugs available for
diabetes, none of them safely and durably prevent or reverse disease progress and its associated
comorbidities. Poor diet, sedentary lifestyle, and obesity are considered major risk factors for
diabetes. Inappropriate fuel handling by adipose tissue, liver, and skeletal muscle, combined
with ectopic lipid deposition in key metabolic organs (such as liver, pancreas, muscle, and heart)
have been hypothesized to play a significant role in the development of insulin resistance. Insulin
resistance increases the overall burden on B-cells, which over time leads to p-cell failure and
development of T2D.
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Adipose tissue can be grossly divided into two major depots,
white adipose tissue (WAT) and brown adipose tissue (BAT).
WAT stores excess energy as triglycerides (TGs), which can
be mobilized by lipolysis to generate free fatty acids (FFAs) for
use by other tissues. BAT, on the other hand, is the main site of
non-shivering thermogenesis (NST), which requires a brown
adipocyte-specific protein called uncoupling protein 1 (UCP1).

Non-shivering thermogenesis by BAT is an interesting target
for the treatment of metabolic disease due to the high metabolic
capacity of BAT. BAT is highly vascularized and richly innervated
by sympathetic nerves, and its activation is predominantly regu-
lated by the sympathetic nerve system via -adrenergic receptors
(B-ARs). Enhancing energy expenditure (EE) through activation
of NST by Bs-adrenergic receptor (f;-AR) agonists has been inves-
tigated as an alternative to inhibition of food intake for bodyweight
loss. This has, however, been unsuccessful in human clinical trials.
This lack of effect on EE was partly attributed to negligible BAT
function in adult humans compared to the situation in rodents.

The rediscovery of BAT in the adult human in 2007, and the
subsequent demonstration of functional involvement of human
BAT in NST have revitalized this area (2-5). In addition, the
presence of brown-like adipocytes in WAT [referred to as beige
or brown-in-white (brite) adipocytes] further increased the
interest in brown adipocyte biology, as WAT mass is relatively
large and any increase in cellular energetics in this tissue may
have a significant impact on whole-body metabolism and EE.
The beige nomenclature will be used for this review. Utilization
of FFAs during NST could lead to depletion of brown and or beige
adipocytes’ lipid stores, which may result in redistribution of fuels
[including glucose and non-esterified fatty acids (NEFA)] toward
brown and beige adipocytes. In turn, this could lead to a reduced
fuel over-supply to other metabolic organs (heart, skeletal muscle,
and liver) and, thus, improved insulin sensitivity (Figure 1).

Transcriptional and hormonal regulation of the “brown-
ing” program of adipose stem cells and characterization of the
molecular signature have been reviewed extensively elsewhere
(6-12). This paper focuses on the metabolic potential of BAT
and beige adipocytes, how these systems can be manipulated by
pharmacological means, and how to assess if a brown adipocyte
phenotype has been achieved by pharmacological intervention.
Finally, we discuss the challenges of drug discovery in this area by
reviewing three classes of clinically investigated pharmacological
agents that regulate various aspects of BAT and beige adipocyte
function: thiazolidinedione (TZD) PPARy agonists, f:-AR ago-
nists, and fibroblast growth factor 21 (FGF21) analogs.

BROWN ADIPOSE TISSUE IN
ADULT HUMANS

Typically, BAT is located in the interscapular (iBAT), cervical,
auxiliary, perirenal and paraaortic areas of animals or human
infants (13-15). In adult humans, BAT depots have a diffuse ana-
tomic distribution, with mixtures of white and beige adipocytes,
seeming to coexist in close proximity. Beige adipocytes have also
been reported to arise in what are normally considered WAT
depots (such as inguinal adipose in rodents) in response to vari-
ous stimuli such as cold, TZDs, and B-AR agonists (9). In humans,
beige adipocytes were found in the WAT of pheochromocytoma
patients due to the presence of catecholamine-secreting tumors
(16, 17) and in the subcutaneous adipose of severely burned
patientswhereheatlossisincreased and who experience prolonged
adrenergic stress (18). Both lineage-tracing studies and transcrip-
tional profiling of classical brown and beige adipocytes indicate
that these two cell types seem to originate developmentally from
distinct cell lineages. Classical brown adipocytes in interscapular
BAT arise from precursors that are myf5*, a gene known to be
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FIGURE 1 | White adipose tissue stores excess energy as triglycerides that can be mobilized by lipolysis to generate FFA for use by other tissues.
BAT is the main site of NST, which is carried out by UCP1. Beige adipocytes have uncoupling capabilities similar to brown adipocytes, but are found in what is
normally considered WAT. Appropriate partitioning and oxidation of fatty acids into BAT, WAT, beige adipocytes, and other metabolic organs can reduce ectopic fat
deposition in metabolic organs, resulting in improved insulin sensitivity. Green arrows indicate appropriate partitioning and red arrows indicate inappropriate

White adipose

w Heart

Skeletal muscle

L

Working
Liver

1. Appropriate partitioning: —>
2. Inappropriate partitioning: ——

Frontiers in Endocrinology | www.frontiersin.org

November 2015 | Volume 6 | Article 174


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org

Peng et al.

BAT: Unlock the Potential

also expressed in committed skeletal muscle precursors (19, 20).
The developmental origin of the beige adipocyte remains to be
elucidated. The whole-body NST will have contributions from
both classical brown and beige adipocytes.

It is now beyond doubt that BAT is present in adult humans
and plays a role in NST (3). BAT activity can be detected by
¥F-fluorodeoxyglucose (¥F-FDG) uptake using PET-CT (2, 4,
5). Retrospective analysis of populations that have undergone
PET-CT examination indicates that the prevalence of BAT varies
between 1 and 5%. For example, one study on 4011 asymptomatic
individuals (<5% obese subjects) showed that BAT prevalence is
5% in female and 1.3% in male (21). The BAT-positive subjects
had lower body mass index (BMI), less visceral and subcutaneous
fat areas, lower fasting glucose and TG levels, and increased HDL
cholesterol concentrations compared to the BAT-negative sub-
jects. Similar results were reported for 56 healthy volunteers (22),
and for cancer patients (2, 23). The inverse correlation between
BAT activity and BMI was further confirmed in non-diabetic
subjects over a wide range of body compositions (BMI ranging
from 22 to 48 kg/m?) (4, 24-27). A recent retrospective analysis of
¥F-FDG uptake data (analysis of the neck regions of two relatively
large cohorts of individuals) reports that the average body weight
of BAT-positive individuals is approximately 5 kg lower compared
to that of BAT-negative subjects (21, 23).

Usinga combination of MRIand molecular analysis, Enerback’s
group clearly demonstrated that iBAT in human infants consists
of classical brown adipocytes (15). However, the molecular signa-
ture of brown adipocytes isolated from the neck regions of adult
humans resembles that of the rodent beige phenotype rather than
classical brown adipocytes (15, 28-31). What causes the BAT
phenotype transformation between infant and adult humans is
not understood. It is conceptually important to unravel the func-
tion, regulation, and differentiation of beige and classical brown
adipocytes in order to be able to pharmacologically enhance
thermogenesis in humans. For example, if the adipocytes with
various white and beige appearances in adult human neck region
are, in fact, simply dormant brown adipocytes, they may be read-
ily re-activated by cold or sympathomimetics. In addition, it is
important to understand the translational aspects of BAT biology,
i.e., whether the same or different pharmacological agent(s) will
show desirable effects in preclinical animal species and man?

BAT AND METABOLIC SIGNIFICANCE

The contribution of BAT to whole-body metabolism in rodents
has recently been examined using tools such as radioactive tracers
and PET-CT imaging. Bartelt et al. showed that BAT is the major
site of triglyceride-rich lipoprotein (TRL) clearance during acute
cold exposure (32). Cold exposure also dramatically increased the
glucose disposal to BAT tissue. The remarkable capacity of BAT to
take up substrates is illustrated by the ratio of BAT mass to the total
glucose and TG uptake by BAT compared to that of other major
organs in mice under cold challenge. Labbe et al. extended this
observation through PET-CT analysis of the rate of substrate flux
and oxidation in the iBAT of both warm- and cold-adapted rats (33).
The rate of glucose uptake into iBAT was relatively low at 27°C but
increased 10-fold upon acute cold exposure and increased 46-fold

after cold acclimation at 10°C. Similarly, NEFA levels rose 6-fold
upon acute cold exposure, and ~100-fold after cold acclimation.
The metabolic activity of the iBAT reached levels similar to that of
heart and liver after 6 h of cold exposure. In spite of these results, it
should be kept in mind that although BAT glucose uptake per unit
volume of tissue is important, the bulk of glucose turnover during
cold exposure is mediated by skeletal muscle metabolic activation
even when shivering is minimized (7).

It is more challenging to determine the specific contribution of
beige adipocytes to whole-body metabolism. Bartelt et al. showed
that acute cold exposure also increases TRL uptake in inguinal
WAT (iWAT), but to a smaller extent compared to iBAT (32,
34). Seale’s group reported an aP2-PRDM16 transgenic mouse
that exhibited a highly favorable metabolic phenotype, in which
iBAT remained unchanged but with extensive browning in iWAT.
This suggests that beige adipocytes may contribute to the overall
metabolic phenotype observed in this mouse (35).

On the whole-body level, Reitman’s group dissected the
relative contributions of cold-induced, diet-induced, and physi-
cal activity-associated EE in mice in relation to the basal meta-
bolic rate (BMR) at various temperatures (36). This work clearly
illustrated that at 22°C, the temperature at which most reported
metabolic studies have been conducted, mice expend a relatively
large amount of energy to generate heat (120% of BMR). Adult
humans, on the other hand, live in or near their thermoneutral
zone, with a relatively small contribution from adaptive thermo-
genesis to EE (5% of BMR) (11). Interestingly, in mice housed at
thermoneutrality (30-32°C), the relative contributions of BMR,
diet, physical activity, and adaptive thermogenesis in mice to
overall EE are reported to be ~60, 12, 25, and 0%, respectively
(36). These figures are very similar to the relative contributions
seen in humans with low activity levels, and might represent
experimental conditions more suitable for translational research
in this field. The EE increase in relation to external temperature is
conceptually depicted in Figure 2 (not scaled to real data).

Numerous studies that address the role of human BAT activa-
tion and its quantitative impact on whole-body metabolism have
been published. Based on the heat production capacity of mouse
BAT, Rothwell and Stock proposed in the 1980s that 40-50 g of
BAT, if maximally activated, could account for 20% of daily EE
in human (37). More recently PET-CT measurements estimated
the average active BAT volume in healthy humans to be 137 cm?,
corresponding to a conservative estimate of around 50 g BAT mass
(11). Virtanen et al. estimated the EE of human BAT to be 55 W/
kg (5) based on the rate of glucose uptake during cold exposure,
as measured by dynamic PET-CT. These conservative estimates
suggest that the EE of fully activated BAT could amount to 2-5%
of BMR. Recent cold exposure experiments confirmed that the
cold-induced NST-associated increase in EE accounts for 0-15%
of BMR (11). Using a human body-composition model (38), we
further extrapolated that a 4% increase of BMR could lead to a
3% bodyweight reduction per year, assuming that the effects are
sustained. A key assumption in such an extrapolation is that func-
tional tolerance can be avoided (39). In support of this assumption,
some pieces of evidence suggest that increased thermogenesis is
not always fully compensated for and negated by an increase in
food intake, for reasons that are not fully understood (40).
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tone to adipose tissue plays an important role in this process. Most current published rodent studies are conducted at temperatures below the thermoneutral zone,
while humans typically live near the thermoneutral zone. For adequate translation between species, rodent studies should be performed under thermoneutral

conditions.

Cypess et al. recently reported a 13% increase in BMR as a
result of BAT activation upon administration of an acute dose
of the fs-AR agonist mirabegron (41). Again, assuming that
this BMR increase could be sustained upon chronic treatment,
modeling suggests that this could potentially lead to an 8%
bodyweight loss per year in BAT-positive healthy men. Besides
potential functional tolerance, it remains uncertain if chronic
B-AR-mediated stimulation of BAT is possible without encoun-
tering the side effects often associated with p-AR agonists.

Bodyweight reduction has been shown to have positive effects
not only on preventing the progression of pre-diabetes to dia-
betes, but also leads to a reduction of hemoglobin Alc (HbAlc)
(42). More recently, Hanssen et al. showed that 10-day cold
acclimation in obese T2D patients could increase BAT activity,
which was in turn associated with a reduction of BAT TG content
and increased EE (43). One very encouraging observation is the

43% improvement of glucose infusion rate during a clamp study.
Importantly, the improvement in insulin sensitivity of both
adipose and skeletal muscle appeared before any bodyweight
change could be seen (43). As indicated by Hanssen et al., the
cold-induced improvement in insulin sensitivity exceeds that
which was observed after long-term exercise training. To place
this in a pharmacological context, this improvement in insulin
sensitivity is similar in extent to that seen after 2-week treatment
with dapagliflozin (Farxiga/Forxiga), which affords an 18%
improvement in tissue glucose disposal (44).

FUNCTIONAL BROWN/BEIGE
ADIPOCYTES

The remarkable metabolic capacity of classical brown adipocytes
in the activated state has been well characterized using rodent
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brown adipocytes. Functional characterization of beige adipo-
cytes from the inguinal adipose tissue of mice or differentiated
beige adipocytes from human adipose stem cells suggests that
these cells are functionally similar to classical brown adipocytes
(45, 46). The developmental origin of brown and beige adipocytes
is currently an area of intense research and has been extensively
reviewed elsewhere (47, 48).

Uncoupling of the mitochondrial transmembrane proton
gradient in brown adipocytes in order to generate heat in
response to cold is a complicated but well-orchestrated event.
The key metabolic and signaling pathways in the brown or beige
adipocyte are summarized in Figure 3. To be able to carry out this
function, brown adipocytes need to be equipped with a complex
machinery that is able to (i) signal through norepinephrine (NE)
or other catecholamines via - ARs, (ii) generate intracellular FFAs
through hydrolysis of TGs from lipid droplets (lipolysis), and (iii)
uncouple the ATP-generating process via UCP1 activation (13,
49). Chronically, cold challenge leads to a recruitment process in
which cell proliferation, mitochondrial biogenesis, and angiogen-
esis are enhanced. Given the broad range of cellular processes that
are involved in these events, it is not surprising that large numbers
of genes/factors have been described to regulate the differentia-
tion and function of brown and beige adipocytes (9, 34).

The Ps-AR has emerged as a leading molecular target for the
activation of brown or beige adipocytes (18, 41). Rodent and
human adipose tissue display different f-AR expression profiles.
(50-53). In mouse, the Ps-AR is highly expressed in both BAT
and WAT with several-fold higher abundance than the f;-AR,
whereas in the adult human, the p;-AR is only expressed in BAT.
In human WAT, B;-AR has been reported to be 50-fold more
abundant than f;-AR (52). The P;-AR subtypes also differ in
their potency toward various ligands, G-protein coupling, and
desensitization. The binding affinity of NE to ;- AR was reported
to be in the low micromolar range, while the potency for cAMP
accumulation is in the low nanomolar range when measured
in intact cells, suggesting that the coupling efficacy to adenylyl
cyclase of f3-AR was higher than that of f;-AR (52, 54). In addi-
tion, Pi-AR desensitizes more rapidly than fs;-AR upon exposure
to agonists. This led to the hypothesis that f;-AR may mediate
the NE response to low levels of sympathetic stimulation. On
the other hand, the activation of f;-AR may require higher levels
of sympathetic stimulation, but once activated this receptor is
likely to deliver a more sustained effect (52). It is important to
note that circulating NE levels are generally in the low nanomolar
concentration range, and it is likely that NE concentrations at
the synaptic clefts will be much higher during cold response,
providing sufficiently high local concentrations in BAT to enable
local activation of f3-AR in spite of the low plasma concentration.
Recently, several studies have shown that systemic administra-
tion of adrenergic activators, such as isoproterenol (ISO) and
ephedrine, fail to elicit BAT activation in man (55-57). To prop-
erly interpret these clinical data, it is crucial to understand if the
plasma concentrations of the adrenergic agonists used reached
a sufficiently high concentration to enable activation of lipolysis
and thermogenesis in human BAT.

Norepinephrine-mediated p-AR activation results in an
increased intracellular cAMP concentration, which in turn

stimulates lipolysis in brown adipocytes via activation of the
protein kinase A pathway. Lipolysis is a stepwise process with
different enzymes acting at each step: TGs are hydrolyzed by
desnutrin/adipose triglyceride lipase (ATGL) to form diacylg-
lycerol (DAG). DAG is then hydrolyzed by hormone-sensitive
lipase (HSL) to monoacylglycerol and, subsequently glycerol,
with a fatty acid released at each stage. Intracellular FFAs are the
direct activators of UCP1 (58). In humans, the BAT radiodensity
(which is indicative of intracellular TG stores) is inversely corre-
lated with NST, strongly suggesting that depletion of intracellular
TG occurs during cold exposure. In rats, inhibition of lipolysis
by nicotinic acid-mediated GPR109a agonism significantly
reduced the oxidative capacity of iBAT in response to cold, again
suggesting a key role for lipolysis in UCP1-mediated thermo-
genesis (33). Additionally, adipose tissue-specific knockout of
ATGL led to the formation of “whitened” brown adipocytes and
resulted in impaired lipolysis and defective thermogenesis in
BAT (59-62).

The brown adipocytes’ cold-depleted energy stores are
replenished by de novo lipogenesis and glycogen synthesis,
which requires cellular uptake of circulating glucose and FFAs
(derived either from TRLs or from lipolysis in WAT). In brown
adipocytes, glucose uptake is mostly mediated by glucose
transporter 1 (GLUT1) and glucose transporter 4 (GLUT4) and
subsequently stored as glycogen or converted to lactate through
anaerobic glycolysis. As shown in Figure 3, FFAs are transported
into the cell by cluster of differentiation 36 (CD36) and TGs are
subsequently synthesized through re-esterification by a series
of enzymes, including glycerol-3-phosphate acyltransferase
(GPAT) and diacylglycerol O-acyltransferases (DGATSs) (49).
The process of recruitment of new brown or beige adipocytes
and the maintenance of mature adipocyte function during acute
and chronic cold acclimation are subject to complex transcrip-
tional and hormonal regulation, for example, by PPARy, bone
morphogenic proteins (BMPs), the thyroid axis, and FGF21.
These regulatory mechanisms have been extensively reviewed
elsewhere (8, 47, 48, 63).

The functional activity of BAT is reduced by chronic warm
acclimation, old age, obesity, and diabetes. Rodent models of
genetic deficiency of leptin (ob/ob, db/db, and obese fa/fa rats) are
cold sensitive, and their brown adipocytes have a white adipocyte
appearance with reduced expression of UCP1 protein (64, 65).
Old age and lack of cold challenge also reduce the thermogenic
activity of the brown adipocytes (66). Brown adipocytes isolated
from guinea pigs housed at 30°C appear unilocular, although
these cells appear to retain their brown adipocyte identity and
are able to respond to NE with a robust increase of thermogenesis,
which is not the case for adipocytes isolated from WAT (67). In
humans, BAT activity is inversely correlated with age, fat mass,
and BML. Insulin-stimulated glucose uptake is also compromised
in the BAT of diabetic individuals (68). Recent reports that both
chronic cold acclimation and weight loss can enhance BAT
activity in humans are encouraging (27, 69, 70), indicating that
reduced BAT function may be restored. In this respect, adipocytes
or adipose precursor cells are highly plastic and able to adapt to
the functional needs, as has been shown in rodent using lineage
tracing experiments (71).
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FIGURE 3 | Diagram showing key metabolic and signaling pathways in brown or beige adipocytes.

THIAZOLIDINEDIONES

The TZDs [represented by rosiglitazone (Avandia) and piogl-
itazone (Actos)] are a chemical class of PPARy agonists used as
insulin sensitizers for the treatment of T2D (72). The primary
site of action of the TZDs is adipose tissue, where they improve
several functional aspects, including the uptake and storage of
plasma NEFA. They also increase FFA mobilization under fast-
ing conditions and enhance postprandial suppression of FFA
mobilization by insulin (73).

Thiazolidinediones have been shown to increase UCP1
expression and BAT mass in rodents. Rosiglitazone has been
shown in vitro by several laboratories to induce UCP1 in rodent
brown adipocytes and differentiated adipose stem cells (74-77).
In addition, chronic treatment of human subcutaneous adipose
stem cells with rosiglitazone upregulated several components of
the mitochondrial electron transport chain, which is consistent
with what has been observed in human (78). The UCP1 protein
in human adipocytes differentiated in vitro in the presence of

rosiglitazone is only functional when cells have been allowed
to differentiate for a longer time than is typically reported in
mouse studies (45). Although TZDs have the ability to recruit
the “browning program” in both mouse and human adipocytes,
the thermogenic capacity of UCP1-expressing cells cannot be
unleashed without subsequent activation (e.g., by f-AR agonists).
An increase in the oxygen consumption rate (OCR) of human
adipocytes differentiated in vitro in the presence of rosiglitazone
could only be observed when the cells were stimulated with
isoproterenol or in the presence of exogenously provided FFAs.
The increase of OCR in these beige cells is completely UCP1
dependent, as UCP1 knock-down abolishes the effect (45).
Various in vivo rodent models of insulin resistance have been
used to show that the TZDs increase UCP1 mRNA in iBAT
and overall iBAT weight. However, this is not associated with
a subsequent increase in thermogenesis or whole-body EE. In
addition, TZD treatment leads to the brown adipocytes becom-
ing lipid filled (79-81). This led to the hypothesis that obese and
diabetic animals or humans could first be primed by a PPARy
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agonist to expand the BAT capacity, followed by its activation via
a B-AR agonist. This concept was tested pre-clinically in 0b/ob
mice by pre-treating with a PPARy agonist (COOH, a non-TZD
PPARy agonist) followed by treatment with the B;-AR agonist
CL-316,243. Synergistic effects on EE and bodyweight reduction
were indeed observed in this single study (82). However, a later
study using rosiglitazone followed by acute cold exposure failed
to reproduce these effects (83). A possible explanation for the lack
of increased EE in spite of increased TG storage, UCP1 expression
and BAT mass induced upon PPARY activation by rosiglitazone
(84) may be the downregulation of fs-AR and iodothyronine
deiodinase type II (DIO2) expression caused by TZD treatment
(85, 86). In addition, as COOH belongs to a different structural
class of PPARy agonists to the TZDs, it is not unlikely that dif-
ferent outcomes could be observed between the two compounds.
In humans, 12 weeks of pioglitazone treatment has been shown
to generate a small increase in UCP1 mRNA levels in subcutane-
ous adipose tissue (87). However, combined pioglitazone and
ephedrine treatment for 12 weeks in obese human subjects failed
to deliver significant bodyweight reduction (88).

When comparing the observed outcomes of studies employing
PPARYy agonists, it must be kept in mind that even structurally
closely related compounds may exhibit very different PPARy-
dependent pharmacodynamic profiles. This is, in part, due to
ligand-dependent modulation of the PPARy protein that leads
to recruitment of different coactivator and corepressor proteins,
in turn resulting in a unique transcriptional profile for each com-
pound (89). Since the identification of PPARy as the molecular
target of the TZDs (90), significant effort has been invested by
the pharmaceutical industry in PPARy agonist drug discovery
(91-96) albeit largely without commercial success (97). The avail-
ability and high throughput of PPARy LBD-based ligand binding
assays and chimeric PPARY-GAL4 reporter gene/transactivation
assays enabled the generation of many highly potent, structurally
diverse, selective PPARy full and partial agonists. Despite this,
since the launch of pioglitazone and rosiglitazone, no new selec-
tive PPARY agonists have survived clinical testing and remain on
the market, mainly due to preclinical and clinical safety issues
(98-101). The central role of PPARY in adipose biology has, how-
ever, not diminished due to these failures and PPARy remains an
attractive but challenging drug target.

The lack of translation between in vitro receptor binding
and the functional (both in vitro and in vivo) effects of the
compounds and inter-species differences in PPARy biology are
considered major obstacles in this field. This is due to a number
of factors, including the combinatorial nature of the activation
of the PPARY:RXR heterodimer (102, 103), subtle differences in
coactivator/corepressor recruitment between superficially related
compounds (104-107), ligand effects on the extent of posttrans-
lational modifications (108, 109), and non-transcriptional effects
of the ligands (72). This suggests that a reductionist approach to
PPARy agonist discovery based on the use of isolated protein
domains and chimeric reporter gene assays is unlikely to provide
compounds with the desired functional or clinical outcome.

Since the “traditional” approach of optimizing receptor bind-
ing and agonist potency has not borne fruit, a radical change
in the preclinical approach to PPARy drug discovery is needed

in order for the functional potential (for example, browning of
WAT) of small-molecule PPARYy activation to be realized. For
example, the application of phenotypic screening in relevant cell
systems [i.e. primary human cells (110)] is one approach to front-
load the functional assessment of compounds, with traditional
in vitro assessment of PPARy activity included in a secondary
wave of assays. In addition, the recent widespread availability
of omics techniques (such as RNAomics and proteomics) makes
the preclinical identification of PPARy agonists with a desirable
functional profile a realistic prospect. A combination of such
approaches avoids focus on a single receptor-dependent path-
way or mechanism and allows pleiotropy to be accounted for.
However, whether the perceived target-related risk associated
with PPARy agonism is considered acceptable in proportion
to the potential commercial viability of a safe PPARy agonist
remains to be seen.

BETA-3 ADRENERGIC RECEPTOR

Several sympathomimetic ;- AR agonists thatselectively stimulate
rodent brown and white adipocyte lipolysis were discovered from
the mid-1980s onward (e.g., BRL-37344, CL-316,243, and CGP-
12177A) (50,51, 111). Early optimization of these compounds was
mostly performed in rodent tissue or cell models, as the human
Bs-AR was not cloned until 1989 (112). The compounds showed
potent anti-obesity and anti-diabetic effects in rodent models of
obesity and diabetes, but none of these compounds advanced
beyond the clinical phase II due to lack of efficacy. Specifically,
compounds optimized using rodent f;-AR did not effectively
translate to human. Several P;-AR agonists were synthesized
and evaluated after the cloning of human p;-AR cDNA (113).
A summary of studies investigating the effect of f3-AR agonism
on EE in man is given in Table 1. Note that many binding and
adenylyl cyclase activity assays were performed using isolated
membrane preparations, returning f;-AR binding affinities in
the micromolar range for the compounds tested. Lower potencies
(in the nanomolar range) have been reported for the same com-
pounds when measured in whole-cell assays (cAMP, lipolysis, or
respiration) (52), suggesting a G-protein coupling efficiency for
the Ps-AR that is only captured in a whole-cell context.

Most early human trials of f;-AR agonists used bodyweight
reduction as a clinical endpoint, to be achieved through increased
EE. Data on BAT activation and metabolic parameters are scarce,
with the exception being for the CL-316,243 study (124). In this
study, treatment of lean healthy men for 4 weeks did not increase
EE, but resulted in a 45% increase of insulin-mediated glucose
disposal and a reduced 24-h respiratory quotient (24-h RQ),
indicating enhanced fat oxidation. Intriguingly, CL-316,243 sig-
nificantly increased fasting FFA levels in parallel with improved
insulin action. These data are in line with recently published
improved glucose infusion rates in T2D patients after 10 days of
mild cold exposure (43). In both cases, improved insulin action
preceded any significant weight loss. This improved action of
insulin may be due to partitioning of FFAs toward BAT, which
in turn reduces the fatty acid burden on other metabolic tissues
(see Figure 1). Indeed, improved glucose uptake was seen in the
skeletal muscle of T2D patients after cold exposure (43).
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TABLE 1 | In vitro properties of Bs-adrenergic receptor agonists that have been tested in humans, and their effect on energy expenditure in man.

PHYSICAL AND PHARMACOKINETIC PROPERTIES

Compound
name(s) and
chemical
structure

MW (g/mol)

clogP

Human f5
potency/TE

Rodent 3
potency/TE

Fold selectivity
Ba:P2:p

CL-316,243

OH

H
cw\©/'v NY\©ioXco,Na
o co.Na

466.8 (Na, salt), 421.8 (free
acid)

14

ECso 1.15 pM/0.637 (114)

Rat Ki 1 uM, Kaet 0.71 nM/121in
s overexpressing CHO cells
(111)

1:228:96

Based on CHO data (114).
Reported as an antagonist @ f;
and B, (120)

T2/ %F 16 h/10% (human)®
PHARMACODYNAMICS
Population Healthy young lean males (124)

Administration

Exposure
Fold in vitro ECso

BAT activity

Energy
expenditure

1.5 g/day for 8 weeks (n = 10)

Placebo (n = 4)

30 + 11 nM (steady-state Crin)

<0.1

24-h EE after 8 weeks did not
differ from baseline

ZD7114

0
on /O/o\)\u/\/ome
o N N~y

o

418.5

2.1

Kaet 20 nM (for ZD201651, the
major active metabolite) (115)

Obese men and women with
BMI 27-39 kg/m? (115)

150 mg/day for 2 weeks (n = 5)

300 mg/day for 2 weeks (n = 8)
Placebo (n = 22)

No effect on 24 h EE

ZD2079 (Talibegron)

[ /©ACO;H
©/QN\/\O

315.4

-0.3
Kaet 191 NM/0.912 (116)

Obese men and women
with BMI 27-39 kg/m?
(115)

1.2 g/day for 2 weeks
(=9

Placebo (n = 8)

Trend for stimulatory
effect on 24-h EE (2.4%)

L-796568

S

- s
SaugeTisy
624.7

5.3
3.6 NM/0.94 (117)

1:667 (partial): 1333 (partial)

>8h/17% (rat)

Healthy overweight to obese
men (121)

375 mg/day for 28 days
(n=10)

Placebo (n = 10)

77 + 30 nM (steady-state
Crin)

>20

Mean change in 24-h EE
upon treatment did not differ
significantly between treated
and placebo

TAK-677 (Rafabegron)

oH Y\EQ
c N
\©)\/ 54,

" coun

402.9 (free acid)

0.7
ECs0 0.062 nM/1.167 (118)

0.016 NM/1.12 (rat cAMP)

1:209 (partial): 1032 (partial)

Obese men and women, mean
BMI 33.9 kg/m? (122)

0.5 mg BID for 29 days
(h=22)

Placebo (n = 4)

24 +13nM(att=2h)
>1000

Slight increase (~50 kcal/day)
in 24-h EE at the highest dose

Mirabegron (YM-178)

OH n
S
SALa N Y
N N
H

396.5

1.3
22 nM/0.82 (119)

1:>446 (partial):>446 (partial)

Healthy male subjects with
detectable BAT (41)

200 mg acutely (n = 12;
crossover study)

781 + 184 NM (Crnax)

>30

Significant increase in BAT
glucose uptake, from 1 to
130 mL X SUVimean X g/mL

Increased resting metabolic
rate by 203 + 40 kcal/day
(+13%; p = 0.001)

(Continued)
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MW, molecular weight; TE, agonist top effect; EE, energy expenditure; RQ, respiratory quotient.

alsoproterenol response defined as 100%.

bPrimary reference refers to an, at that time, yet unpublished paper from ICI.

cClaimed to be a full agonist, but only 80% TE in in vitro assay.

Similarly to CL-316,243 treatment, chronic dosing of the f;-
AR agonists ZD7114 and ZD2079 did not significantly increase
EE, although the latter compound showed a tendency toward a
non-statistically significant increase of 2% (115).

Data have been reported for both acute and chronic dosing
of Bs-AR agonist L-796568 in overweight to obese men. Acutely,
van Baak et al. (125) reported a significant increase (8%) in EE
after 4 h for the highest dose used. However, no average increase
was observed over the period of observation, 0-4 h. Chronic
dosing of L-796568 for 4 weeks did not result in any significant
change in EE (121). The authors discuss possible reasons for this
lack of effect, e.g., declining plasma exposure levels over time,
insufficient agonist-induced BAT proliferative capability of fs-
AR-responsive tissues in humans during chronic stimulation,
potential downregulation of fs-AR receptors, or other functional
feedback. We believe that the small effect on EE observed in the
acute study is another reason.

A chronic B5-AR agonism study (using TAK-677) in obese
humans with no observed effect on EE or diabetic parameters
was reported by Redman et al. (122). Whether BAT activation
truly occurred after administration of compound was not care-
fully assessed in this study, which makes data interpretation
challenging.

In contrast to the above-mentioned f;-AR agonism studies,
Cypess et al. recently reported a ~13% increase in resting meta-
bolic rate (RMR) upon acute treatment with high doses of f;-AR
agonist mirabegron (41). In this study, healthy young male sub-
jects with detectable BAT were selected in order to provide proof
of concept (PoC) for B;-AR agonist-mediated BAT activation.
Importantly, it was found that BAT metabolic activity was a sig-
nificant predictor of the changes in RMR. This study also reports
a weak correlation between cold- and drug-induced detectable
BAT activities. Generally, such data from the same individuals
are important to help put the large quantity of cold-induced BAT
activation data into a drug-discovery context. It remains to be
investigated if the reported energy-expenditure effect is sustained
upon chronic dosing and if the efficacy of mirabegron will persist
in females and other patient subpopulations, such as those with
different ages and BMIs.

The failure of f;- AR agonists to show clinical effects on weight
loss decreased interest in the mechanism as a means of treating
the metabolic syndrome. However, the recent rediscovery of BAT
in adult humans as well as the demonstration of functional activa-
tion of BAT by a f5-AR agonist may lead to a resurgent interest
in Ps-AR agonists for the treatment of metabolic disorders. The
observation that improved insulin action preceded any sig-
nificant weight loss upon Ps-AR agonist treatment is particularly
encouraging.

Clearly, important questions remain unanswered with respect
to the role of the f;-AR and the clinical profile of f3-AR agonists.
In order to make significant progress in ;- AR drug discovery, the
lack of translation from rodent to human (i.e., receptor expres-
sion and functional differences) and from in vitro to in vivo for
the human setting needs to be resolved. The clinically assessed
PBs-AR agonists exhibit structural and physicochemical property
diversity; however, clinical plasma exposures relative to ECs are
similar for the chronic and acute studies (Table 1), and activation
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of BAT would therefore be expected in the chronic studies. The
lack of effect on EE observed in the chronic studies may either
be due to not measuring a mechanism-relevant clinical endpoint
or that the patients recruited lacked sufficient BAT to lead to an
effect on overall EE. The activation of pre-existing BAT by f;-AR
agonists may require a personalized healthcare approach, unless
combined with a compound or mechanism to expand the BAT
depot.

Finally, cardiovascular side effects have been associated
with B5-AR agonist treatment, usually attributed to insufficient
selectivity toward the p;- and .- ARs. However, the in vitro func-
tional activity of many of the clinical compounds assessed does
not explain the increase in heart rate observed - several of the
compounds are functional p;-AR antagonists (f;-AR blockers),
and as such could be expected to have the opposite effect to that
clinically observed. The complex nature of AR biology needs to
be further investigated if this mechanism is to be reconsidered as
a means of activating BAT.

FIBROBLAST GROWTH FACTOR 21

Fibroblast growth factor 21 (FGF21) is a member of the endo-
crine FGF 19/21/23 family. FGF21 protein is expressed in liver,
pancreas, and adipose tissue and is regulated by fasting, ketogenic
diet, low protein diet, PPARy, and PPAR«x activation as well as
glucagon action (126). It acts through binding to a cell-surface
receptor complex composed of conventional FGF receptors
(FGFR1c¢/2¢/3c) and the co-factor p-Klotho, leading to activa-
tion of FGF receptor substrate 2o and ERK1/2 phosphorylation.
While FGF receptors are ubiquitously expressed, p-Klotho
expression is restricted to a few tissues, including BAT, WAT, and
liver (127, 128), which are the main sites of FGF21 action. When
administered pharmacologically, FGF21 enhances EE and insulin
sensitivity, reduces bodyweight, glucose, and lipids, and thus has
the potential to be used for treatment of the metabolic syndrome
via multiple mechanisms (129-131).

Functional enhancement of existing BAT and recruitment of
beige adipocytes have been hypothesized to be the mechanism
behind the EE increase, bodyweight loss, and improved glucose
and lipid homeostasis induced by FGF21. FGF21 expression
is increased in BAT upon cold challenge (132, 133). Adipose-
derived FGF21 acts in an autocrine/paracrine manner to increase
expression of UCP1 and other thermogenic genes, such as PGCl «,
PRDM16, BMP8b, and DIO2 in iBAT and iWAT (134, 135). In
neonates, FGF21 expression in liver is increased by suckling,
which occurs via activation of PPARq, leading to induced BAT
thermogenesis (136).

Attempts have been made to directly assess the contribu-
tion of BAT and beige adipocytes to FGF21-mediated effects.
Surgical resection of iBAT in two different mouse models
showed that FGF21-mediated EE increase and bodyweight
reduction were retained (137, 138). However, one of the studies
showed that several beige adipocyte markers, including PPARy,
PRDM16, PGCla, and CIDEA tended toward upregulation in
subcutaneous adipose tissue, and perigonadal adipose weight
also was reduced (138). The authors propose that residual
BAT and beige adipocytes may have compensated for the loss

of iBAT. Recently, the role of UCP1 in mediating the phar-
macological effects of FGF21 was assessed by treating UCP1
knockout (UCP1 KO) mice with either recombinant FGF21 or
FGF21 fused with fragment crystallizable region (Fc-FGF21)
(139, 140). Surprisingly, several FGF21-mediated effects were
largely retained in the absence of UCP1. Again, compensatory
mechanisms seem to be activated in UCP1 KO mice treated
with recombinant FGF21. In FGF21-treated UCP1 KO mice,
reduced food intake offset the decrease in EE and resulted in
a similar bodyweight reduction to that observed in FGF21-
treated wild-type mice. In addition, genes regulating fatty acid
metabolism were upregulated in liver and epididymal adipose
tissue, suggesting that FGF21 recruits UCPI-independent
pathways in these tissues to compensate for the lack of UCPI.
An intriguing observation was a two- to threefold increase in
FGF21 secretion in iBAT when UCP1 KO mice were challenged
by cold, suggesting that FGF21 may be one of the factors that
recruit alternative thermogenic mechanisms when iBAT/UCP1
fails to generate heat. It should be noted that many previous
publications have showed remodeling of the WAT in UCP1 KO
mice, and that alternative thermogenic mechanisms have been
discussed (141, 142).

In spite of the attractive metabolic effects of FGF21, devel-
opment of FGF21-based therapeutics has encountered several
technical challenges, including short in vivo half-life and poor
biophysical properties of FGF21 protein (e.g., it is prone to aggre-
gation). To date, three different analogs of FGF21 have advanced
to concept testing in human: (130, 143, 144) (i) LY2405319 (an
aggregation-resistant FGF21 analog), (ii) PF-05231023 (FGF21
linked to a Fab fragment of a scaffold antibody), and (iii) ARX-
618 (PEGylated FGF21). For both LY2405319 and PF-05231023,
the effects on TG (close to 50% reduction in 28 days), LDL cho-
lesterol, and HDL cholesterol were substantial and bodyweight
reduction was significant. However, the failure of FGF21 analogs
to achieve clinically meaningful glucose-lowering effects was
unexpected, and the mechanism behind this remains to be
understood. Recently, Genentech reported a bispecific monoclo-
nal antibody agonist that binds to both FGFR1c and f-Klotho,
with sustained effects on NST, EE, and bodyweight over a 35-day
period after a single administration to diet-induced obese mice
(145). The effects on glucose and lipids were similar to those
observed after administration of recombinant FGF21, and
mostly attributed to peripheral FGF21 action as CNS exposure
of the antibody was reported to be minimal. Together, these
data further support the importance of BAT function in FGF21
action. As for the Ps-AR agonist story, it may be important for
future clinical concept testing to assess BAT recruitment/activa-
tion in order to understand if sufficiently high FGF21 levels have
been achieved in patients. In addition, it is critical to constantly
monitor potential safety concerns of this treatment principle in
all studies, including bone density, growth hormone resistance,
and female fertility.

PERSPECTIVES

The understanding of BAT physiology has increased rapidly in
recent years. Data generated in both rodents and humans in
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cold/warm acclimation studies suggest that both BAT and beige
adipocytes demonstrate recruitability and plasticity, which opens
the door to pharmacological intervention. As obese and T2D
patients are likely to have reduced BAT function, in order to real-
ize the full potential of NST, it may be necessary to first restore
the function of “whitened” brown or beige adipocytes before
activation (Figure 2). In this respect, future studies using rodent
models require consideration of external temperature in order
to more closely mimic human physiology. Cold acclimation for
a short duration in obese and diabetic humans indicates that it
is possible to enhance BAT activity and achieve an improved
metabolic profile before significant bodyweight reduction
occurs. The improved insulin action in the absence of bodyweight
change seen in the 4-week treatment of healthy individuals by
CL-316,243 (124) suggests that restoration of BAT function may
at least lead to improved metabolic control in patients with T2D.
Acute treatment of BAT-positive human subjects with the f§;-AR
agonist mirabegron resulted in a significant increase in EE. If
this effect is sustained upon chronic dosing and without eliciting
cardiovascular side effects, this mechanism may finally lead to
significant weight loss.

PPARy remains an interesting target for the recruitment of
BAT or beige adipocytes, although discovery of a compound that
does not impair the adrenergic sensitivity or thyroid function of
the adipocyte is extremely challenging. Phenotypic screening,
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Obesity and its metabolic consequences represent a significant clinical problem. From a
thermodynamic standpoint, obesity results from a discord in energy intake and expen-
diture. To date, lifestyle interventions based on reducing energy intake and/or increasing
energy expenditure have proved ineffective in the prevention and/or treatment of obesity,
owing to poor long-term adherence to such interventions. Thus, an effective strategy
to prevent or correct obesity is currently lacking. As the combustion engines of our
cells, mitochondria play a critical role in energy expenditure. At a whole-body level,
approximately 80% of mitochondrial membrane potential generated by fuel oxidation is
used to produce ATP, and the remaining 20% is lost through heat-producing uncoupling
reactions. The coupling of mitochondrial respiration to ATP production represents an
important component in whole-body energy expenditure. Brown adipose tissue (BAT) is
densely populated with mitochondria containing the inner mitochondrial proton carrier
uncoupling protein 1 (UCP1). UCP1 uncouples oxidative phosphorylation, meaning that
mitochondrial membrane potential is dissipated as heat. The recent rediscovery of BAT
depots in adult humans has rekindled scientific interest in the manipulation of mitochon-
drial uncoupling reactions as a means to increase metabolic rate, thereby counteracting
obesity and its associated metabolic phenotype. In this article, we discuss the evidence
for the role BAT plays in metabolic rate and glucose and lipid metabolism in humans and
the potential for UCP1 recruitment in the white adipose tissue of humans. While the future
holds much promise for a therapeutic role of UCP1 expressing adipocytes in human
energy metabolism, particularly in the context of obesity, tissue-specific strategies that
activate or recruit UCP1 in human adipocytes represent an obligatory translational step
for this early promise to be realized.

Keywords: adipose tissue, mitochondria, uncoupling protein 1, thermogenesis, obesity

Introduction

Obesity and its associated metabolic complications (hyperlipidemia, insulin resistance, and glu-
cose intolerance) have become significantly more prevalent in the United States and around the
world in recent years (1, 2). One third of Americans are either obese (1) or exhibit symptoms
of pre-diabetes (3). Worldwide, excessive adiposity is responsible for more than three million
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deaths and is a significant cause of disability (4). Increasing
adiposity is associated with derangements in glucose and lipid
metabolism and in the development of insulin resistance (5, 6).
Therapeutic strategies aimed at preventing obesity or treating its
metabolic complications typically target dietary intake and/or
physical activity, but to date do not seem to exhibit a great deal
of long-term efficacy. Mitochondrial proton leaks, i.e., respira-
tion uncoupled from ATP production, accounts for around 20%
of total mitochondrial respiration (7). The physiological role
ascribed to this uncoupling of oxidative phosphorylation is heat
production (thermogenesis). While thermogenesis represents a
significant portion (~20%) of whole-body energy expenditure (7,
8), its therapeutic role in energy metabolism has only recently
begun to receive attention.

Brown adipose tissue (BAT) is the major tissue responsible
for non-shivering thermogenesis in mammals (9). The recent
(re)discovery of BAT in human adults (10-12) has triggered sci-
entific interest in the role of BAT in human energy metabolism.
Unique features of BAT include an abundance of mitochondria
that contain the transmembrane carrier protein thermogenin,
most commonly referred to as uncoupling protein 1 (UCP1)
(13). Upon activation by long-chain fatty acids, UCP1 acts as
an inner mitochondrial proton carrier (14), allowing protons
to reenter the mitochondrial matrix independently of ATP
synthase, thus uncoupling mitochondrial respiration from ATP
production (9). This process alters mitochondrial energy trans-
duction, where mitochondrial membrane potential is lost as
heat (Figure 1). The purpose of this review is to summarize the
current evidence regarding the role of the human adipose tissue
as a therapeutic target against obesity and its related metabolic
complications.

The Role of Brown Adipose Tissue in
Energy Balance and Obesity

Although the role of BAT in energy metabolism and obesity has
been studied in detail in rodents (15-17), our understanding of
the role BAT plays in human energy metabolism remains in its
infancy. For obvious reasons, it is more difficult to manipulate
and study BAT in humans. Retrospective reviews of medical
records and positron emission tomography-computed tomog-
raphy (PET/CT) scans, originally performed for diagnostic
purposes, demonstrate an association between BAT and body
mass index (BMI) (10, 18, 19) and with non-alcoholic fatty liver
disease (20). The retrospective nature of these studies along
with the fact that the PET/CT scans were performed under
non-standardized conditions limit the generalizability of these
data. However, these findings are bolstered by prospective stud-
ies which report a correlation between BAT volume and activity
with BMI (11, 21), total fat mass (11, 21), and both abdominal
subcutaneous and visceral adiposity (21). Moreover, weight loss
via bariatric surgery has been linked to increased BAT activity
(22), further suggesting that BAT may contribute to energy bal-
ance in human beings.

Acute (non-shivering) cold exposure studies have been
recently performed in an attempt to estimate the contribution of
BAT to cold-induced energy expenditure. However, the reported

results have been highly variable. These studies reported that
acute cold exposure (2-4 h at 16-19°C) induces BAT activation,
resulting in a 13-27% increase in resting energy expenditure
(REE) (11, 23, 24). In contrast, Ouellet et al. reported an 80%
increase in REE with acute cold exposure (for 2 h at ~18°C)
(25), a result over threefold higher than those of other stud-
ies, possibly attributable to muscle shivering. Muzik et al.
used oxygen 15 (**O)-PET/CT in an attempt to more directly
quantify the contribution of BAT to energy expenditure (26, 27).
In contrast to previous studies, these investigators found that
BAT minimally contributed to the reported increase in energy
expenditure (15-25 kcal/day). Although these two studies shed
doubt on the role of BAT in energy expenditure in humans,
the rather short cold stimulation protocol (30 min at 18°C)
may not have been adequate to fully activate BAT. Indeed, BAT
recruitment via daily mild cold exposure (17°C for 6 weeks) was
associated with increased thermogenesis and decreased body
fat, supporting a relationship between BAT activity and adipos-
ity (28). Similarly, Lee et al. performed a crossover cold acclima-
tion study in five healthy participants. These researchers showed
that BAT recruitment was reversibly associated with increased
post-prandial energy expenditure (diet-induced thermogenesis)
after cold exposure, further supporting the role of BAT in energy
expenditure (29).

When interpreting the results of these studies, one important
point to consider is that chronic weight gain can result from
even a small discordance in daily energy balance (e.g., an energy
surplus of as little as 25 kcal/day in humans can result in a weight
gain of 1 kg/year). Thus, even sporadic BAT activation for limited
periods during the course of the day could conceivably have a
significant cumulative impact on energy balance and adiposity
over several months or years.

Can Human Brown Adipose Tissue Alter
Glucose Homeostasis and Insulin
Sensitivity?

Brown adipose tissue has been touted as therapeutic tissue
which may protect against hyperglycemia in insulin-resistant
individuals. In murine models of extreme cold exposure, BAT
is responsible for the majority of whole-body glucose disposal
(30), while transplantation of BAT into the abdominal visceral
adipose tissue improves glucose tolerance and insulin sensitivity
(31). In humans, the involvement of BAT in systemic glucose
metabolism is evident from "*F-FDG uptake images from PET/
CT scans (Figure 2) performed for diagnostic purposes (32).
Moreover, evidence from retrospective medical record review
studies indicates an inverse relationship between BAT activity,
diabetes, and glycemia (10, 19, 33, 34). Further, prospective
studies have shown that acute cold exposure increases glucose
uptake in BAT, where BAT glucose uptake rate per unit of tissue
was higher than that of muscle (25, 35, 36), underscoring the
oxidative potential of BAT. Specifically, Orava et al. reported that
cold exposure resulted in a 12-fold increase in glucose disposal
in BAT only, but not in other tissues (35). Similar results have
been reported by Ouellet et al. (25). These data suggest that upon
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FIGURE 1 | Schematic overview of mitochondrial energy transduction within a brown adipocyte mitochondrion. Norepinephrine (NE) activation of
adrenergic receptors (AR) causes an increase in cytosolic cyclic adenosine monophosphate (CAMP) levels. The subsequent activation of lipases results in the
lipolysis of triacylglycerol (TAG), which increases intracellular free fatty acid (FFA) concentrations. FFAs fulfill two principal metabolic fates: (i) FFAs bind to and activate
uncoupling protein 1 (UCP1), thus switching on UCP1-mediated proton (H*) conductance. (i) Activated FFAs (acyl-CoA) can be transported into the mitochondrion
via the carnitine palmitoyl transferase (CPT) system and be oxidized to acetyl-CoA, thereby potentiating anaplerosis and providing reducing equivalents for the
electron transport chain (ETC). Pyruvate also participates in mitochondrial anaplerosis and the production of reducing equivalent by being decarboxylated to
acetyl-CoA by pyruvate dehydrogenase (PDH) or being carboxylated by pyruvate carboxylase (PC), forming oxaloacetate (OAA).

Image from Ref. (24). Reprinted with permission.

FIGURE 2 | Coronal (left) and transverse (right) 2-deoxy-2-[18F]fluoro-p-glucose ('*F-FDG) positron emission tomography (PET)-computed
tomography (CT) images from a volunteer during cold exposure. The intense orange color in the supraclavicular area corresponds to brown adipose tissue.

activation, BAT clears plasma glucose. However, Ouellet et al.
demonstrated that BAT minimally contributed to whole-body
plasma glucose utilization, which might be due to the short dura-
tion of cold exposure (3 h at ~18°C) and the presence of mild
shivering during cold exposure (25).

The opposing results of the aforementioned studies question
the physiological significance of human BAT in systemic glucose
metabolism. In an attempt to address this, we studied glucose
metabolism in individuals with BAT (BAT+) or without BAT
(BAT—-) under cold exposure and thermoneutral conditions by
infusing isotopically labeled glucose in the fasted state and during

a hyperinsulinemic-euglycemic clamp. We found that cold expo-
sure increased whole-body glucose disposal in the fasted and
insulin-stimulated state only in BAT+ individuals (24), suggest-
ing that BAT can indeed play a significant role in systemic glucose
metabolism in humans. Theoretically, if BAT remained chroni-
cally active, it could dispose ~23 g of glucose in 24 h [equating to
approximately 8.4 kg of glucose (33,600 kcal) in a year]. Similarly,
Lee et al. recently reported that increased BAT activity via cold
acclimation improved post-prandial glycemia (29). Collectively,
these studies support the notion that upon activation, BAT can
indeed play a significant role in glucose homeostasis. Therefore,
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BAT may represent a novel therapeutic target in the management
of hyperglycemia.

Does Human Brown Adipose Tissue Play a
Role in Systemic Lipid Metabolism?

Free fatty acids (FFAs) constitute the primary substrate for BAT
(37). Moreover, FFAs bind to and activate UCP1, allowing pro-
ton transfer from the intermembrane space to the mitochon-
drial matrix resulting in heat production (9). Upon activation,
BAT initially oxidizes intracellular lipid stores to produce heat
(9). In contrast, prolonged BAT stimulation leads to increased
uptake of FFA derived from circulating FFA and lipolysis of
circulating lipoproteins, presumably when local lipid stores
become depleted (9). BAT activation has been recently reported
to increase the systemic clearance of TG-rich lipoproteins in
rodents, lending credence to the notion that BAT may protect
against hyperlipidemia (30, 38). Moreover, rodent BAT has been
shown to release factors that increase vascular permeability
in BAT, allowing TG-rich lipoproteins to enter the interstitial
space (30).

The role of BAT in human lipid metabolism remains largely
unexplored. Results from some (11, 35), but not all (23), cold
exposure studies report a reduction in the respiratory gas
exchange ratio during cold exposure, indicating increased
fat oxidation in humans during BAT activation. Ouellet et al.
(25) studied the role of BAT in lipid metabolism in more
detail. Using PET/CT and a fatty acid tracer, “*F-fluoro-
thiaheptadecanoic acid (**FTHA), they showed that 3 h of cold
exposure increased BAT FFA uptake but that this accounted for
<1% of the total FFA turnover (25). The conclusion of this study
was that thermogenic BAT relies predominantly on the limited
intracellular substrates (i.e., triglycerides stored inside BAT) to
fuel mitochondrial thermogenesis (25), which questions the
physiological significance of human BAT in whole-body lipid
metabolism. However, the relatively short duration of the study
might have been insufficient to deplete the intracellular lipid
stores underestimating the contribution of BAT in the systemic
lipid metabolism.

We recently studied BAT+ and BAT— individuals under mild
cold exposure and thermoneutral conditions while infusing
stable isotopes of glycerol and palmitate in order to directly trace
lipid turnover in the fasted state and during a hyperinsulinemic-
euglycemic clamp. We found that during cold exposure BAT+
individuals had greater whole-body lipolysis and FFA oxidation
compared with BAT— participants, indicating that increased lipid
mobilization from WAT provides FFA to sustain thermogenesis
in BAT (39). Moreover, BAT+ individuals were protected from
the cold-induced adipose tissue insulin resistance noted in the
BAT— group (40). Our data suggest that BAT may indeed play
an important role in the regulation of systemic lipid metabolism.
The discord between our preliminary findings and those of others
(25) may be related to the duration of cold exposure. For example,
we studied individuals after ~5 h of cold exposure, while Ouellet
et al. performed a 3 h cold exposure study. Whether there is a
time-dependent depletion of BAT lipid stores, at which point

BAT switches to using systemic FFAs as a fuel source, remains
unknown.

Can Human WAT Really Brown?

More than 30 years ago, Young et al. demonstrated the
appearance of brown adipocytes in the parametrial fat pad
of mice following acclimation to severe cold exposure (41).
This was confirmed when Cousin et al. demonstrated that
severe cold exposure or treatment with a 3 adrenorecep-
tor agonist induced brown adipocytes within WAT (42).
More recently, Shabalina et al. demonstrated that acclima-
tion to cold (~5°) results in the browning of inguinal WAT.
Importantly, these researchers showed the presence of UCP1
protein while demonstrating its function (via GDP-sensitive
respiration) in inguinal WAT of cold-acclimated mice (43),
thus demonstrating that these mitochondria had functional
UCPI. Interestingly, per milligram of tissue, inguinal WAT
from cold-acclimated mice developed a thermogenic capacity
~50% of that of intrascapular BAT (43). This striking plastic-
ity of murine subcutaneous WAT to develop a thermogenic
phenotype has potential implications for humans, given that
most individuals have only 100 g or less of BAT, but many
kilograms of subcutaneous WAT. If WAT in humans were able
to exhibit the same plasticity as in mice, this would have huge
implications for energy expenditure and substrate (glucose,
lipids, and potentially amino acid) metabolism.

Unlike the inguinal subcutaneous WAT depot of mice, there
is no evidence to suggest that human WAT has a comparable
ability to alter its thermogenic capacity in response to an envi-
ronmental stress. Indeed, chronic (10 days), albeit mild cold
exposure, which activates BAT, does not alter the phenotype of
WAT in humans (44). This suggests that a more profound and/
or chronic adrenergic stress is likely needed to induce browning
in humans. Indeed, this is perhaps reasonable considering that
classic rodent models of browning typically acclimate rodents
to extremely cold temperatures (~5°C) for several days, if not
weeks (41-43). Considering that a thermoneutral temperature
for a mouse is somewhere close to 30°C, it would be reasonable
to theorize that chronic exposure to a temperature 25°C below
thermoneutrality would be required to induce browning of
WAT in humans.

Since cold exposure protocols used in rodents cannot be
replicated in humans, researchers have looked to pathologies
associated with chronic adrenergic stress. Over 30 years ago, it
was reported that patients with pheochromocytoma, a tumor
of the adrenal medulla which results in a chronic elevation in
catecholamine secretion, had BAT surrounding their kidneys
(45). More recently, Frontini et al. (46) reported the existence of
multilocular adipocytes that stained positive for UCP1 within
the omental adipose tissue of pheochromocytoma patients.
This evidence suggests that human WAT may contain brown
adipocytes, but unfortunately only histological and genomic
measurements were made on these WAT samples. Whether
these omental adipocytes, which showed morphological simi-
larities to that of brown adipocyte and immune-reactivity to
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UCPI, had functionally thermogenic mitochondria was not
addressed.

Burn trauma represents a unique injury model as it is accom-
panied by prolonged adrenergic stress and a hypermetabolic
state. To determine if subcutaneous WAT can acquire a brown fat
phenotype, we collected biopsy samples of WAT from severely
burned individuals. We found that when prospectively following
patients after burn injury, UCP1 mRNA and UCP1 protein were
induced in subcutaneous WAT at ~2 weeks post-injury (47).
Moreover, this was accompanied by a similar time-dependent
increase in mitochondria respiratory capacity and whole-body
metabolic rate (47). Thus, it appears that human subcutaneous
WAT has the ability to brown. In the context of burn trauma,
this makes physiological sense, since following the destruction of
their skin barrier burn victims have difficulty in conserving heat
and maintaining core temperature.

To the best of our knowledge, our recent data provide the
first evidence of browning of WAT in humans (47). However,
we should note that while we did indeed see induction of UCP1,
morphological adaptations, and increased mitochondrial respira-
tory in permeabilized WAT samples in a time-dependent manner
after burn, the increase in thermogenic capacity (~threefold) was
rather modest when compared with those seen in rodent WAT
after chronic cold exposure. For example, Shabalina et al. (43)
showed that the mitochondrial respiratory capacity of mitochon-
dria isolated from the BAT of mice kept at 30°C was ~10-fold
greater than that of mitochondria isolated from inguinal WAT.
However, when acclimated to 5°C, the respiratory capacity of
BAT mitochondria was only ~1.7-fold greater than that of ingui-
nal WAT mitochondria. Indeed, BAT mitochondrial respiratory
capacity was only marginally greater in cold-acclimated mice
compared with thermoneutral mice. In contrast, WAT mitochon-
drial respiratory capacity was ~500% greater in inguinal WAT
of cold-acclimated mice compared with thermoneutral animals.
This remarkable plasticity, where murine inguinal WAT can adopt
a thermogenic capacity akin to that of BAT, does not appear to
be conserved in other mammals such as humans. Indeed, while
we saw a threefold increase in subcutaneous WAT respiratory
capacity after burn injury, respiration per milligram of tissue
was still ~20-fold lower than what we have measured in human
intrascapular BAT (47).

The Therapeutic Potential of
UCP1-Positive Mitochondria: Should
we Activate BAT or Brown WAT?

Much emphasis has been placed on manipulating UCP1 in order
to increase thermogenesis and thus energy expenditure, which
over time would reduce adiposity and consequently correct
metabolic abnormalities associated with obesity. Broadly speak-
ing, manipulation of UCP1 can be classified into two distinct
ways: (i) acute activation of existing UCP1 and (ii) induction of
UCP1. Induction of UCP1 can take several forms, i.e., the expan-
sion of existing BAT depots, producing more UCP1 per gram
of BAT, or inducing UCP1 within WAT (browning). However,

the significance of either activating UCP1 within classical BAT
depots or browning WAT in humans in terms of energy expendi-
ture remains unclear. Using available data on organ-specific
metabolic rates, and our own data on (a) the metabolic rate of
human BAT following acute cold exposure and (b) human WAT
that has undergone browning, we present theoretical calculations
to estimate the potential impact of UCP1 on energy expenditure
in humans (Tables 1 and 2).

Since UCP1 is inactive in the presence of inhibitory purine
nucleotides such as ATP (50), BAT makes a negligible contribution
to whole-body REE given that ~100 g of BAT represents ~0.1% of
total body mass of a 70 kg individual. Similarly, in an individual
with ~20% total fat mass, WAT accounts for a small (~4%) por-
tion of whole-body REE (48) (see Table 1). Following acute (5 h)
acclimation to mild cold (5 h at ~18°), our data (24) suggest that
on average there is a 7.5% increase in REE. This acute intervention
transforms BAT from being a quiescent tissue to one that makes
a comparable contribution to whole-body REE as the heart or the
kidneys (Table 1). In a 70 kg individual, this activation of BAT
increases REE by 127 kcal (Table 1), which if maintained for
30 days would combust 0.5 kg of adipose tissue.

Burn trauma results in a significant increase in REE (51),
which persists for months if not years post injury (52). While
many ATP-consuming processes increase after burn, increased
ATP turnover only explains 50-60% of burn-induced hyper-
metabolism (53). This means that thermogenesis represents a
significant portion of hypermetabolism in burn victims, which
makes sense since these patients have a compromised skin bar-
rier and inability to thermoregulate. In order to estimate the

TABLE 1 | Impact of acute non-shivering cold exposure and severe burns
on whole-body energy expenditure.

Normal?® Cold exposure Severe burns®

(kcal/day) (kcal/day) (kcal/day)
BAT 1(0.1) 127 (7.0)° 191 (6.3)°
WAT 68 (4.0)° 68 (3.7) 205 (6.7)f
Muscle 368 (21.7) 368 (20.2) 748 (24.5)
Liver 362 (21.3) 362 (19.8) 684 (22.4)
Heart 146 (8.6) 146 (8.0) 368 (12)
Kidney 137 (8.1) 137 (7.5) 244 (8.0)
Brain 338 (19.9) 338 (18.5) 338 (11.1)
Other 277 (16.3) 277 (15.2) 277 (9.1)
Whole body 1697 1823 3053

Values for each organ/tissue are presented as kilocalories/day with the percent
contribution to whole-body energy expenditure in brackets.

aValues for thermoneutral conditions are taken from Rolfe and Brown (7).

Values for white adipose tissue (WAT) are taken from Gallagher et al. (48).

Values for cold exposure (5 h at ~18°) were derived from Chondronikola et al. (24),
assuming a 7.5% Iincrease in resting energy expenditure following acute cold exposure,
which was attributable to brown adipose tissue (BAT) activation.

9Values for burn victims are taken from Wilmore and Aulick (49) for a patient with full-
thickness burns encompassing >50% of their total body surface area, which results in
an 80% increase in resting energy expenditure.

°As chronic cold exposure results in a 50% increase in BAT volume [van der Lans

et al. (44)], BAT values derived from Chondronikola et al. (24) were multiplied by a
factor of 1.5.

'WAT values for healthy individuals derived from Gallagher et al. (48) were multiplied
by a factor of 3 to account for the increase in leak respiratory capacity of WAT seen in
burn victims (47).
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TABLE 2 | The contribution of various tissues to the increase in whole-
body metabolic rate accompanying acute non-shivering cold exposure
and severe burns.

Cold exposure Severe burns

A kcal/day % of increase A kcal/day % of increase

BAT 126 100 190 14

WAT 0 - 136 10
Muscle 0 - 379 28

Liver 0 - 322 24

Heart 0 - 222 16
Kidney 0 - 107 8

Brain 0 - 0 0

Other 0 - 0

Whole body 126 100 1356 100

Values for acute cold exposure and severe burn injury reported in Table 1 are
presented as the change (A) from healthy values and also as a percentage (%) of the
increase in whole-body energy expenditure.

potential contribution of BAT used burn injury as a model of
severe adrenergic stress which is accompanied by hypermetabo-
lism. We made calculations of whole-body and tissue-specific
energy expenditure based on a patient with a burn covering 50%
of their total body surface area, which resulted in an 80% increase
in REE (49).

While the impact of burn trauma on BAT is largely unknown,
we theorized that like chronic intermittent cold exposure, pro-
longed adrenergic stress following severe burn trauma would
expand BAT depots. Assuming an ~50% increase in BAT volume
as seen with 10 days of mild cold exposure (44), BAT would
account for 191 kcal of total REE (Table 1). Here, while BAT
makes a greater contribution to REE in absolute terms, since burn
injury results in a large increase in REE, the relative contribution
of BAT to whole-body REE is slightly lower (6.3%) when com-
pared to cold exposure (7%) (Table 1). Perhaps more strikingly,
when considering WATs contribution to REE in burn victims, the
threefold increase in thermogenic capacity we found in subcuta-
neous WAT of burn victims would increase WATs contribution
to whole-body REE to ~7% (Table 1). Thus, WAT and BAT may
make similar absolute and relative contributions to whole-body
REE in burn survivors. Again though, we should point out that
these calculations are based on an individual with around 100 g of
BAT and 15 kg of WAT, underscoring the profound difference in
thermogenic potential per gram of tissue between BAT and WAT.

While the chronic adrenergic stress accompanying severe burn
trauma provides a unique model where human WAT undergoes
browning, it also offers significant insight into the physiological
impact of achieving UCP1 activation and recruitment. In Table 2,
we present the values reported in Table 1 as the change from
normal and also as a percentage in which each tissue contributes
to the increase in whole-body REE. While the 127 kcal increase in
REE following acute cold exposure is attributable to BAT, several
organs contribute to the massive (1230 kcal) increase in REE
following burn severe trauma. For example, while burn trauma
may result in large absolute increases in BAT and WAT metabolic
rates, their relative contributions to total REE are less impressive.

Indeed, skeletal muscle (28%), the liver (24%), and the heart
(16%) contribute most to burn-induced hypermetabolism, fol-
lowed by BAT (14%) and WAT (10%) (Table 2).

We make the point above to underscore the fact that while the
chronic stress response to burns may augment BAT and WAT
thermogenesis, the systemic milieu which brings these adapta-
tions in adipose tissue energy expenditure likely impacts many
other organs. While our data on burn victims (47) provide novel
evidence that human WAT can indeed undergo browning under
very severe and extended adrenergic stress, this extreme patho-
physiological state has an impact on nearly every organ system in
the body. Thus, with all the available evidence to date, we suggest
that the therapeutic potential of UCP1-positive mitochondria in
combating obesity and its metabolic complications will likely be
realized in humans by the acute activation of existing BAT and/
or the expansion of BAT depots. If WAT browning holds any
therapeutic potential in the context of obesity, the development
of safe tissue-specific agents to induce browning is needed before
this potential can be realized.

Summary

Adipocytes with an abundance of UCP1-positive mitochondria
are unique in that gram for gram they have a respiratory capacity
akin to that of muscle or liver, yet only minimal ability to produce
ATP. The physiological role ascribed to this adaptation in mito-
chondrial energy transduction is heat production, facilitating
thermoregulation in mammals. In the context of the global obe-
sity epidemic, there is now much interest in the environmental
and/or pharmacological exploitation of this thermoregulatory
mechanism, since increased metabolic rate will combat obesity
and the deleterious metabolic phenotype it incurs. In humans, a
growing body of evidence suggests that acute activation of BAT
can indeed have a meaningful impact on REE and intermediary
glucose and lipid metabolism. However, whether brown adipo-
cytes can be recruited in WAT and whether this alters REE or
macronutrient metabolism remains unclear. Few human models
mimic the extremity of confining rodents to near-freezing tem-
peratures for several weeks, and in our study of severely burned
patients, while prolonged stress does indeed brown WAT, several
other organs are also significantly affected. Thus, to avoid the fate
of the mitochondrial uncoupler dinitrophenol, future strategies
aimed at augmenting UCP1 content and function in humans
must strive to be tissue specific.
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Brown and beige adipocytes are potent therapeutic agents to increase energy expen-
diture and reduce risks of obesity and its affiliated metabolic symptoms. One strategy
to increase beige adipocyte content is through inhibition of the evolutionarily conserved
Notch signaling pathway. However, systemic delivery of Notch inhibitors is associated
with off-target effects and multiple dosages of application further faces technical and
translational challenges. Here, we report the development of a biodegradable poly-
meric microsphere-based drug delivery system for sustained, local release of a Notch
inhibitor, DBZ. The microsphere-based delivery system was fabricated and optimized
using an emulsion/solvent evaporation technique to encapsulate DBZ into poly(lac-
tide-co-glycolide) (PLGA), a commonly used biodegradable polymer for controlled drug
release. Release studies revealed the ability of PLGA microspheres to release DBZ in a
sustained manner. Co-culture of white adipocytes with and without DBZ-loaded PLGA
microspheres demonstrated that the released DBZ retained its bioactivity, and effectively
inhibited Notch and promoted browning of white adipocytes. Injection of these DBZ-
loaded PLGA microspheres into mouse inguinal white adipose tissue depots resulted
in browning in vivo. Our results provide the encouraging proof-of-principle evidence for
the application of biodegradable polymers as a controlled release platform for delivery
of browning factors, and pave the way for development of new translational therapeutic
strategies for treatment of obesity.

Keywords: Notch inhibition, browning, PLGA, microspheres, drug delivery, obesity

INTRODUCTION

The obesity epidemic has posed a major concern for public health in modern society due to its
association with a spectrum of metabolic diseases, including type 2 diabetes (T2D), heart diseases,
hyperglycemia, and multiple cancers (1, 2). Obesity is morphologically characterized by the exces-
sive lipid storage in the white adipose tissue (WAT) and featured as a complex disorder of energy
imbalance wherein intake outpaces expenditure. Considerable efforts have been devoted to explore
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the pathological mechanisms as well as the cellular and molecular
therapeutic targets to combat obesity.

Currently, there are few medications available for obesity
treatment (3). Mostly, those therapies are dedicated to decreasing
energy intake by either suppressing appetite through stimulat-
ing the central nervous system or reducing nutrient digestion
and absorption within the gastrointestinal tract (4). However,
those medications only produce modest effects and are usually
accompanied with unpleasant, potentially harmful side effects
(5). Thus, alternative approaches to overcoming obesity are under
extensive exploration. One such approach is through boosting
energy expenditure. Recently, this strategy through stimulating
thermogenesis has been emerging as an appealing alternative.

Brown adipose tissue (BAT) is the primary site of thermo-
genesis through uncoupling mitochondrial respiration and ATP
synthesis via uncoupling protein 1 (Ucp1). While producing heat,
BAT consumes not only free fatty acid but also large amounts
of glucose (6, 7), thus providing benefits to metabolic health.
Classical BAT is abundant in neonates but diminishes with age
leading to limited quantities in adult humans. This compromises
the therapeutic value of BAT in clinical intervention of obesity.

The recent discovery of inducible BAT (iBAT), also called beige
adipose tissue, in WAT depots reignites the promise of obesity
treatment through stimulating energy expenditure (8, 9). Beige
adipocytes also possess robust thermogenic capacity, which has
been confirmed recently by the transplantation of an engineered
beige adipose tissue (10). More importantly, iBAT can be stimu-
lated to burn energy in response to multiple pharmacological
and genetic manipulations. Various factors have been identified
to induce the transformation from white to beige adipose tissue
(termed “browning”) over recent years (11, 12).

We have recently reported that inhibition of the Notch signal-
ing pathway leads to browning of WAT, and thus ameliorates
obesity (13). Notch signaling is well known to play fundamental
roles in organ development and cell fate determination, but its
regulatory roles in energy homeostasis has previously been
underappreciated. We showed that genetic deletion of Notchl
receptor or the nuclear mediator of Notch signaling (Rbpj) in
mice improved their glucose tolerance and insulin sensitivity
through inducing browning of WAT. Importantly, Notch inhibi-
tion through intraperitoneal injection of dibenzazepine (DBZ),
a y-secretase inhibitor, similarly improved insulin sensitivity
and glucose homeostasis. However, it remains elusive whether
this systemic administration of DBZ causes any uncontrolled
drug distribution and potential off-target side effects as Notch
has been recognized to play multifaceted roles in various types of
cells (14). Therefore, it is imperative to develop an effective drug
delivery system to locally and continuously exert effects of Notch
inhibition specifically on WAT.

Polymer-based drug delivery systems provide a robust tech-
nology platform to enable sustained, spatio-temporally controlled
drug release (15). Biodegradable polymers are of utmost interest,
because they can be broken down and excreted or resorbed by the
body without the necessity for removal interventions or surgical
procedures (16, 17). Biodegradable polymer microspheres with
predetermined degradation and drug release profiles have been a
primary research focus for development of effective drug delivery

systems for a variety of applications, including cancer, cardio-
vascular diseases, and vaccine development (18, 19). Among a
variety of polymers that have been employed for drug delivery,
poly(lactide-co-glycolide) (PLGA), copolymers of lactic acid and
glycolic acid, have been particularly prominent due to biocom-
patibility, biodegradability, and convenient processability (20).
PLGA microspheres constitute a versatile class of drug delivery
vehicles from which the drug release kinetics can be controlled
by modulating the microsphere size, molecular weight, and
composition of PLGA (21, 22).

In this study, we aimed to develop a PLGA microsphere-based
DBZ delivery system to promote browning of WAT for the treat-
ment of obesity (Figure 1). PLGA with a 50:50 lactide to glycolide
ratio was utilized since this specific polymer has a relatively fast
degradation rate among the PLGA family, which is advantageous
to induce browning. We formulated the DBZ-loaded PLGA
microspheres using an emulsion/solvent evaporation technique
and characterized the morphology and release profiles of those
microspheres. Moreover, we demonstrated that the DBZ-loaded
PLGA microspheres inhibited Notch, and consequently promoted
browning both in vitro and in vivo. To the best of our knowledge,
this is the first time that an effective bioengineered system was
developed to deliver therapeutic agents to convert white adipo-
cytes to beige adipocytes. This study not only contributes to our
understanding of the underlying mechanism of Notch inhibition
in the browning process but also paves the way for development
of novel therapeutic strategies to counteract obesity and its asso-
ciated metabolic syndrome in humans.

MATERIALS AND METHODS

Materials

PLGA (lactide:glycolide 50:50; Mw = 75,000) was obtained from
lakeshore Biomaterials. Poly(vinyl alcohol) (PVA; 87-90% hydro-
lyzed, average Mw = 30,000-70,000), fluorescein isothiocyanate-
labeled dextran (FITC-dextran) (Mw = 70,000), and DBZ were
obtained from Sigma. Methylene chloride (DCM), dimethyl
sulfoxide (DMSO), and acetonitrile were purchased from Fisher
Scientific.

Animals

All the mice used in this study were wild-type lean mice kept
under normal maintenance in a clean facility at Purdue University.
All procedures regarding animal maintenance and experimental
use were conducted following the regulation presented by Purdue
University’s Animal Care and Use Committee.

FITC-Dextran-Loaded Microsphere

Formulation and Characterization

Fluorescein isothiocyanate-labeled dextran-loaded PLGA micro-
sphere was prepared by a water-in-oil-in-water (WOW) double
emulsion technique (23). Briefly, 0.4 g of PLGA was dissolved in
4mLDCM. Into this organic phase (O), 330 pL of aqueous solution
(W1) containing ~3.7 mg of FITC-dextran was emulsified using a
vortex mixer operating at 1,000 rpm for 3 min to form the W1/O
emulsion. This primary emulsion was injected into 400 mL of
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an aqueous phase containing 1% (w/v) PVA (W2). The resulting
W1/O/W2 emulsion was stirred at 400 rpm for overnight with
an overhead magnetic stirrer to allow solvent evaporation and
microspheres hardening. The microspheres were then isolated
by centrifugation, washed three times with distilled water, and
were dried in a vacuum oven for 24 h. Final products were stored
in a desiccator. FITC-dextran-loaded PLGA microspheres were
imaged by fluorescence microscopy (EVOS FL).

DBZ-Loaded Microsphere Formulation

and Characterization
PLGA microspheres loaded with DBZ were prepared by an oil-in-
water (O/W) emulsion/solvent evaporation technique (24). The
oil phase consisted of 540 mg of PLGA and 10.8 mg of DBZ dis-
solved in 2.7 mL DCM. This oil phase was injected into 400 mL of
an aqueous phase containing 1% (w/v) PVA, which was stirred at
600 rpm to achieve an O/W emulsion system. The resulting emul-
sion was stirred overnight with an overhead magnetic stirrer to
allow complete evaporation of the solvent and solidification of the
droplets into microspheres. The microspheres were then isolated
by centrifugation, washed three times with distilled water, and
dried in a vacuum oven for 24 h. Final products were stored in
a desiccator. The microsphere surface structure was investigated
by scanning electron microscopy (SEM) (Nova Nano SEM). The
microsphere diameter was measured using Image-J software, and
about 130 microspheres were randomly selected for analysis.
The content of DBZ in microspheres was analyzed by a
precipitation method. Five milligrams of DBZ-loaded PLGA
microspheres were completely dissolved in chloroform. Once
dissolved, the chloroform solution was added dropwise into 4 mL

of methanol in a centrifuge tube to dissolve DBZ and precipitate
PLGA. DBZ in the supernatant was collected and concentrated
under nitrogen stream. Then, DBZ was dried in the vacuum
oven for overnight and dissolved in 10 mL of 2:1 acetonitrile to
Millipore water. The product was filtered for high-performance
liquid chromatography (HPLC) analysis (Thermo HPLC). The
samples were analyzed using a mobile phase of acetonitrile to
0.1% phosphoric acid (50:50) at a flow rate of 1 mL/min on a
pentafluorophenylpropyl column and UV detection at 232 nm.
Each sample was measured in duplicates. Actual drug loading
and drug encapsulation efficiency were calculated using the fol-
lowing equations:

DBZ (Total)

Theoretical DBZ loading % =
DBZ(Total) + PLGA

x100%

(1.1)

DBZ (Experiment)
DBZ (Total)+ PLGA

Actual DBZ loading % = %x100%

(1.2)

Actual DBZ loading
Theoretical DBZ loading

Encapsulation efficiency % = x100%

(1.3)

In vitro FITC-Dextran Release from
Microspheres

Fluorescein isothiocyanate-labeled dextran released from
microspheres was measured by suspending ~20 mg micro-
spheres in 5 mL PBS buffer at pH 7.4. The samples were placed
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in a shaker maintained at 37°C and shaken at 200 rpm. At pre-
determined time intervals, the samples were removed from the
shaker and centrifuged at 1,000 X g for 2 min. Two milliliters of
medium was aliquoted for analysis and fresh medium of equal
volume was added thereafter. The precipitated microsphere
pellets were resuspended in the medium and placed back in
the shaker. In vitro release of FITC-dextran was studied in trip-
licate. The FITC-dextran concentration in the aqueous phase
was determined fluorometrically (excitation: 485 nm, emission:
520 nm, Synergy H1 microplate reader) using a standard cali-
bration curve.

In vitro DBZ Release from Microspheres
The DBZ-loaded PLGA microspheres were characterized for
drug release for 6 days in PBS at pH 7.4 and 37°C. DBZ release
was measured using HPLC. In brief, 20 mg samples were placed
in individual centrifuge tubes and filled with 2.5 mL of PBS. The
samples were then placed in a shaker maintained at 37°C and
shaken at 200 rpm. At specific time points, 1 mL medium was
removed, saved for analysis, and replaced with same amount of
fresh PBS. Time points were chosen such that perfect sink condi-
tions were maintained. Each supernatant sample was extracted
with 1 mL chloroform. The organic layer was then separated and
allowed to evaporate. The dried DBZ was then reconstituted with
1 mL of a 40% solution of acetonitrile in water to provide a suit-
able solution for HPLC analysis (Thermo HPLC).

Isolation of Primary Preadipocytes

Primary preadipocytes were collected from limb subcutaneous
WAT depots and minced into 2-5 mm? pieces. Then, these
pieces were subject to 1.5 mg/mL collagenase digestion with
agitation at 37°C for 1.5-2 h. The digestion was terminated
with Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS). After that, the floating mature
adipocytes were removed and the cell suspension was filtered
through 100 pm mesh, followed by brief centrifugation at
450 X g for 5 min. The pellet was resuspended and seeded onto
tissue culture plates.

Co-Culture of Primary Preadipocytes with

Microspheres

Primary preadipocytes were cultured in growth medium contain-
ing DMEM, 20% FBS, and 1% penicillin/streptomycin at 37°C
with 5% CO,. The medium was changed every other day. Upon
confluence, cells were subject to induction medium containing
DMEM, 10% FBS, 2.85 pM insulin, 0.3 pM dexamethasone,
and 0.63 mM 3-isobutyl-methylxanthine for 4 days, followed by
differentiation medium containing DMEM, 200 nM insulin, and
10 nM triiodothyronine for four more days. Meanwhile, 5 mg
polymer microspheres were added in permeable transwell inserts
suspended in each well of 24-well plates while cells were induced
for adipogenic differentiation. Other parallel treatment groups
included cells in DBZ-containing medium (10 pM) and cells in
DMSO vehicle control. To monitor adipogenic differentiation,
the lipid droplets and nuclei of adipocytes during culture were
counterstained with BODIPY and DAPI, respectively.

Quantitative Polymerase Chain Reaction
Total RNA was extracted from cell culture through Trizol. Random
hexamer primers were utilized for the reverse transcription to
synthesize cDNA. The quantitative polymerase chain reaction
(qPCR) was performed with a Roche Light Cycler 96 machine
(Roche). The 18S rRNA was applied as an internal control for
normalization. For qPCR result analysis, the 2744 method was
used to calculate the fold change.

Protein Extraction and Western Blots

Analysis

Total protein was extracted from cells or tissue samples using
RIPA buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, 1% Non-idet P-40, 0.5% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate (SDS). Protein concentrations were
measured by using Pierce BCA protein assay reagent (Pierce
Biotechnology, Rockford, IL, USA). Proteins were separated
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore Corp., Billerica, MA, USA). Membranes were blocked
in 5% milk for 1 h and incubated with primary antibodies at
4°C overnight. The PGClI-« (sc-13067) and GAPDH (sc-32233)
antibodies were purchased from Santa Cruz Biotechnology, and
both were diluted 1:1,000. The horseradish peroxidase (HRP)-
conjugated secondary antibody (anti-rabbit IgG, 7074S, Cell
Signaling) was diluted 1:5,000. Signals were detected with a
ChemiDoc™ Touch Imaging System (Bio-Rad). The lanes were
analyzed for densitometry quantification with Bio-Rad Image
Lab V5.2.1.

In vivo Injection of PLGA Microspheres
Mice were first anesthetized by a ketamine-xylazine cocktail
and then either FITC-dextran-loaded PLGA microspheres or
DBZ-loaded PLGA microspheres (20 mg/30 g body weight) were
injected into the inguinal WAT depot in one side of the body in
a 1 mL solution of 0.5% Methocel E4M (wt/vol; Dow Chemical)
and 0.1% Tween-80 (wt/vol; Sigma) in water. Similarly, PLGA
microspheres were injected into the contralateral inguinal WAT
depot. Adipose tissues were harvested after 24 h and 14 days
post-injection for the study with FITC-dextran-loaded PLGA
microspheres and DBZ-loaded PLGA microspheres, respectively.
Oil Red O staining was performed to label the adipocytes for the
study with FITC-dextran-loaded PLGA microspheres whereas
hematoxylin and eosin (H&E) and immunohistochemistry
staining was conducted for the study with DBZ-loaded PLGA
microspheres.

H&E and Immunohistochemistry Staining

Adipose tissues were fixed in 10% formalin for 24 h at room tem-
perature. Then, the tissues were embedded into paraffin and cut
into4 pm thickslices, deparaffinized, and rehydrated using xylene,
ethanol, and water by standard methods. Immunohistochemistry
was performed on a Dako Autostainer (Dako). Slides were incu-
bated with 3% hydrogen peroxide and 2.5% normal horse serum
(S-2012, Vector), followed by incubation with rabbit polyclonal
anti-Ucp1 primary antibody diluted 1:200 in 2.5% normal horse
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FIGURE 2 | Characterization of FITC-dextran and DBZ-loaded PLGA microspheres. (A) Fluorescent image of FITC-dextran-loaded microsphere. Scale bar,
200 pm. (B) SEM image of a population of DBZ-loaded PLGA microspheres. Scale bar, 400 pm. (C) Higher magnification SEM image of a single DBZ-loaded PLGA
microsphere. Scale bar, 50 pm. (D) Size distribution of DBZ-loaded PLGA microspheres.
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serum (S-2012, Vector) for 60 min. Signals were detected with
an anti-rabbit IgG Polymer Detection Kit (MP-7401, Vector).
Labeling was visualized with 3,3’-diaminobenzidine (DAB) as
the chromogen (SK-4105, Vector). Slides were counterstained
with Harris hematoxylin (EK Industries), and whole-slide digital
images were collected with an Aperio Scan Scope slide scanner
(Aperio).

Statistical Analysis
Quantitative data were reported as mean + SEM P-values were
calculated by a two-tailed Student’s ¢-test. P < 0.05 was considered
to be statistically significant.

RESULTS

Formulation and Characterization of PLGA
Microspheres

Using PLGA 50:50, drug-loaded PLGA microspheres were pre-
pared and characterized for drug distribution and morphological
characteristics. We first encapsulated FITC-dextran, a commonly
used fluorescent probe, into PLGA microspheres to assess the
distribution of FITC-dextran in microspheres by fluorescent
microscopy. Itwas observed that green fluorescence was uniformly

distributed throughout the microspheres (Figure 2A). Next, we
formulated DBZ-loaded PLGA microspheres by optimizing the
process parameters, such as PVA concentration and stirring
speed, to obtain a narrow microsphere size range of 50-150 pm
(Figure 2B). Higher magnification SEM micrograph revealed the
smooth surface morphology of the microsphere (Figure 2C). The
size distribution of the DBZ-loaded PLGA microspheres resem-
bled a Gaussian distribution with more than 50% in the range
of 90-110 pm (Figure 2D). The actual DBZ loading percentage
was characterized to be ~1.4% (w/w), equivalent to ~68% DBZ
encapsulation efficiency.

PLGA Microsphere System Enables
FITC-Dextran and DBZ Release

To examine the cargo drug release capabilities from the PLGA
microspheres, we first placed the FITC-dextran-loaded PLGA
microspheres in the PBS at 37°C and release was quantified
fluorometrically. The FITC-dextran-loaded PLGA microspheres
showed a rapid release profile, which resulted in about 50%
of total FITC-dextran released after 24 h (Figure 3A). This is
presumably due to the hydrophilic nature of the FITC-dextran.
We further characterized the release profile of DBZ from DBZ-
loaded PLGA microspheres (Figure 3B). In general, the release
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FIGURE 3 | In vitro release profiles of FITC-dextran and DBZ from
PLGA microspheres. (A) /n vitro release of FITC-dextran from microspheres
in PBS at pH 7.4 and 37°C. (B) In vitro release of DBZ from microspheres in
PBS at pH 7.4 and 37°C.

rate of DBZ from PLGA microspheres was much slower than
that of FITC-dextran. Approximately, 2% DBZ was released from
PLGA microspheres in the first 24 h. And the release rate became
significantly decreased thereafter and around 3% DBZ (~8 pg)
was released over 6 days, indicating that DBZ can be released
from PLGA in a sustained manner.

DBZ-Loaded PLGA Microspheres Promote
Browning in Adipocytes

As the initial attempt to test the bioactivity of DBZ released
from PLGA microspheres, we co-cultured DBZ-loaded PLGA
microspheres with primary adipocytes and examined the cel-
lular responses (Figure 4A). Following induction of adipogenic
differentiation for 8 days, we observed classical lipid droplets
characterized by the BODIPY immunofluorescence (Figure 4A),
which suggested that microspheres did not cause obvious adverse
effects on cell culture. Then, we continued to analyze the mRNA
levels of Notch target and thermogenic genes. As we expected,

DBZ-loaded PLGA microspheres significantly inhibited Notch,
demonstrated by the 40% mRNA reduction of Notch target genes,
Hesl and HeyL (Figure 4B). Importantly, DBZ-loaded PLGA
microspheres dramatically increased mRNA levels of browning
markers, including Ucpl, Cidea, and Ppargcla (Figure 4C), as
well as mitochondria genes, including Cox5b, Cox7a, Cptla, and
Cpt2 (Figure 4D), suggesting that DBZ released from PLGA
microspheres can inhibit the Notch pathway and consequently
promote browning. In addition, western blot results shown in
Figure 4E demonstrated that DBZ-loaded PLGA microspheres
significantly elevated the protein level of Pgcl-a (encoded by
Ppargcla) by around 3.5-fold (Figure 4F), which plays key roles in
mitochondrial biogenesis and oxidative metabolism. Collectively,
all these data confirmed that DBZ remained bioactive to induce
browning after being released from PLGA microspheres in vitro.

DBZ-Loaded PLGA Microspheres

Stimulate Browning In vivo

To further test whether PLGA microspheres can locally deliver
DBZ and promote browning in vivo, we sought to directly inject
microspheres to the mouse inguinal WAT depots and assess the
browning effect thereafter (Figure 5A). Initially, to ensure that
microspheres could be precisely injected into the depots, we uti-
lized the FITC-dextran-loaded microspheres to track microsphere
placement. The microsphere injection sites were readily identified
with green fluorescence via gross observation in the target inguinal
adipose tissues (Figure 5B). Following 24 h of injection, FITC-
dextran-loaded microspheres maintained round morphologies
with expanded fluorescence, indicating the release of FITC-dextran
from the microspheres over this time period (Figures 5C,D).
This observation was also in agreement with our previous results
regarding the release profile of FITC-dextran in vitro.

We next injected DBZ-loaded PLGA microspheres into the
inguinal WAT depots using the same procedure. Fourteen days
after injection, the inguinal WAT was collected and processed for
paraffin embedding and sectioning. Through H&E staining, we
observed that DBZ-loaded PLGA microspheres were dispersed
within the WAT and maintained round morphologies in the
size range of 50-150 pm. Importantly, these microspheres did
not elicit any significant inflammatory responses (Figure 6A).
Of note, DBZ-loaded PLGA microspheres drastically decreased
the sizes of mature white adipocytes (Figure 6B), a hallmark
indicator of browning effect. Multilocular Ucp1* beige adipocytes
were evidently abundant with DBZ-loaded PLGA microspheres
(Figure 6B). Also, this morphological feature of browning was
further supported by western blot of tissue samples exhibiting
increased protein levels of Pgcl-a and Ucpl in the DBZ-loaded
microsphere group compared to control (Figure 6C). All these
data demonstrated that DBZ was successfully released from
microspheres and retained its biological activity of Notch inhibi-
tion to promote browning in vivo.

DISCUSSION

There is accumulating evidence that significant metabolic
differences that distinguish beige adipocytes from white adi-
pocytes can potentially be successfully exploited to establish
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FIGURE 4 | DBZ-loaded PLGA microspheres inhibit Notch and promote browning in vitro. (A) Diagram of the co-culture system with primary white
adipocytes seeded on well bottom and DBZ-loaded microspheres placed within a permeable insert. Mature adipocytes were labeled with BODIPY (red). Nuclei were
counterstained with DAPI (green). Expression of (B) Notch target genes, (C) browning markers, and (D) mitochondria genes in white adipocytes co-cultured with
DBZ-loaded PLGA microspheres. (E) Protein levels of Pgci-a in white adipocytes co-cultured with DBZ-loaded PLGA microspheres. (F) Quantification of protein
level for Pgc1-a relative to Gapdh. DBZ: cells in DBZ-containing medium (10 pM); CTRL: cells treated with DMSO vehicle control. N = 3. *P < 0.05, **P < 0.01.

new therapeutic strategies for treatment and/or prevention of
obesity. Thus, identifying and targeting mechanisms underlying
browning is crucial in the development of effective therapeutics
to reduce adiposity. The Notch signaling pathway is important
for cell-cell communication and cell fate determination during
development and is required for adult tissue homeostasis. Notch
target gene Hairy/enhancer-of-split 1 (Hesl) inhibits the tran-
scriptions of PR domain-containing 16 (Prdm16), peroxisome
proliferator-activated receptor gamma (Ppary) coactivator 1
alpha (Ppargcla) and Ppary, all critical in the brown adipocyte
biogenesis (13). This leads to reduced mitochondrion numbers
and expression of Ucpl (25-27). Notably, inhibition of Notch
signaling through intraperitoneal injection of DBZ has been

found to induce browning of white adipocytes, and consequently
reduced obesity and improved glucose balance in obese mice (13).
This strategy has been proposed to open up another novel avenue
to treat obesity and its associated metabolic diseases. However,
potential compliance issues associated with a requirement for
multiple periodic drug injections, in combination with safety and
efficacy concerns over widespread drug distribution in the body
reduce the translational potential of this treatment. For instance,
Notch inhibition has been proposed to affect multiple biological
processes, such as angiogenesis (28, 29), bone formation (30, 31),
and myogenesis (32, 33). Therefore, it would be beneficial if a
carrier system were capable of delivering DBZ locally to the WAT
in a sustained manner for treatment of obesity.
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FIGURE 5 | Characterization of FITC-dextran-loaded microspheres following injection into mice. (A) Direct injection of microspheres into inguinal adipose
depot of WT mice. (B) Injected microspheres (blue arrow) identified through gross observation of inguinal adipose tissues. (C) Fluorescent image illustrating the
distribution of microspheres after 24 h of injection. (D) Representative image showing green fluorescence from FITC-dextran-loaded microspheres dispersed in white

Polymer-based controlled drug delivery systems offer several
unique advantages over conventional drug delivery including
continuous drug release, decreased systemic side effects, and
increased patient compliance (15). Polymer degradation is highly
desirablein controlled drug delivery because it eliminates the need
for the surgical removal of implants. PLGA is known to degrade
by simple hydrolysis of the ester bonds into lactic and glycolic
acids, which are ultimately metabolized to carbon dioxide and
water (34). PLGA microspheres have been extensively investi-
gated as carriers to deliver a variety of therapeutic agents (21, 22).
The release of an encapsulated agent from PLGA microspheres
is controlled by both diffusion and polymer degradation. The
drug release kinetics can be tailored by varying the copolymer
composition, molecular weight, and microsphere size (20-22). In
particular, the degradation rate of PLGA depends on the copoly-
mer composition. The molecular weight loss during hydrolysis is
accelerated with an increase in glycolide content. This is attributed
to greater absorption of water into the polymer matrix. For exam-
ple, PLGA exhibited a degradation time in the order of PLGA
50:50 (1-2 months) < PLGA 75:25 (4-5 months) < PLGA 85:15
(5-6 months) (35). Polymers with higher molecular weight result
in slower degradation rates (36). Furthermore, the size of PLGA
microspheres is an important controlling factor on drug diffusion
and polymer degradation. Berchane et al. demonstrated that the
initial burst release rate of piroxicam from PLGA microspheres
decreased with an increase in microsphere size from 13.9 to
81.2 pm, which is consistent with Fick’s law of diffusion because

an increase of diffusion pathways would reduce the drug release
rate (37). It has been reported that large microspheres degrade in
a heterogeneous manner wherein the degradation rate in the core
is greater than that at the surface (38). In contrast, microspheres
with diameter <300 pm undergo a homogeneous degradation
whereby the core degradation rate is equivalent to the surface
one (39). Small microspheres also degrade slower than large
microspheres resulting from a decreased accumulation of acidic
degradation products (40). In vitro release studies showed that
the fabricated DBZ-loaded PLGA microspheres in the size range
of 50-150 pm enabled sustained release of DBZ resulting in ~3%
of encapsulated drug released over 6 days. This gradual release
will be particularly beneficial to circumvent the need for multiple
periodic injections of DBZ for induction of browning.
Co-culture of primary preadipocytes with DBZ-loaded
PLGA microspheres demonstrated that released DBZ retained
its bioactivity and effectively inhibited Notch signaling and
upregulated expression of brown fat specific genes (Figure 4).
For example, the expression of Notch downstream targets HesI
and HeyL in cultured white adipocytes with both DBZ and DBZ-
loaded microspheres were reduced by more than 40%, indicating
the bioactivity of DBZ released from polymers. Furthermore,
DBZ-loaded microspheres resulted in an elevated expression
of browning markers, including Ucpl, Cidea, and Ppargcla, as
well as mitochondria genes, including Cox5b, Cox7a, Cptla,
and Cpt2. Notably, brown and beige adipocytes contain more
mitochondria than white adipocytes, and possess ability to
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FIGURE 6 | DBZ-loaded PLGA microspheres induce browning in vivo.
(A) H&E staining showing DBZ-loaded PLGA microspheres (yellow
arrowhead) dispersed within the WAT depot. Scale bar, 200 pm. (B) H&E
(top) and UCP1 (bottom) staining of inguinal WAT from mice at 14 days
post-injection of DBZ-loaded PLGA microspheres. Scale bars, 100 pm. (C)
Protein levels of Pgc1-a and Ucp1 of inguinal WAT from mice at 14 days
post-injection of DBZ-loaded PLGA microspheres.

burn lipids (through p-oxidation) to generate heat (11). Pgcl-o
(encoded by Ppargcla) is also known to induce the expression
of Ucpl and other thermogenic components in adipocytes (26,
41). Our results are also in line with our earlier findings with
the use of DBZ on browning of white adipocytes (13). The more
pronounced increase in Ucpl and Cidea mRNA levels in the
PLGA-DBZ-treated groups compared to the DBZ alone groups
is presumably due to the continued release of DBZ from micro-
spheres, which should have improved the biological activity of
DBZ and thus highlights a major advantage of our drug delivery
system for inductive browning.

One of the most important requirements for developing effec-
tive polymer-based drug delivery systems is tissue compatibility.
PLGA polymers are considered a standard for drug delivery due
to their recognized biocompatibility and approval by the Food
and Drug Administration for a number of clinical applications
(16, 17). The DBZ-loaded PLGA microspheres were well toler-
ated following in vivo injection into the WAT depots (Figure 6A).
More importantly, we demonstrated that local DBZ-loaded
microsphere injection successfully induced browning of WAT
after 14 days (Figures 6B,C). The resultant browning further

validates that Notch signaling plays a role in regulating the plas-
ticity of white and beige adipocytes in vivo (13).

White adipose tissue is the primary site of long-term energy
storage. In response to excess calorie intake, the size of the WAT
expands through hyperplasia and hypertrophy of adipocytes. Our
work pinpointed the potential of polymeric microspheres as a car-
rier platform to locally deliver DBZ to WAT in a sustained manner.
Suchalocalized delivery system may eliminate the need for repeated
injections as well as potential side effects that are accompanied
with systemic administration of DBZ. Improved understanding of
brown and beige adipocyte biology has led to recent discoveries of
a variety of factors to promote WAT browning, such as fibroblast
growth factors (42-44), bone morphogenetic proteins (BMPs)
(45, 46), Irisin (47), T3 and T4 thyroid hormones (45, 46), natriu-
retic peptides (48), and p3-adrenergic pathway agonist (49-51).
However, as with DBZ, there exist significant safety and efficacy
concerns on systemic administration of these browning factors as
uncontrolled tissue exposure may lead to potential off-target side
effects and unpredictable kinetics. For instance, administration of
FGF21 is associated with systemic side effects on bone loss (52).
Therefore, development of effective browning-based therapeutics
to address the ever-worsening obesity epidemic necessitates the
integration of advances in controlled release technologies with
discoveries in beige/brown fat cell biology.

CONCLUSION

DBZ-loaded PLGA microspheres with a size range of 50-150 pm
were prepared asa DBZ delivery system using an emulsion/solvent
evaporation technique. The DBZ-loaded PLGA microspheres
supported release of DBZ in a sustained manner. The effective-
ness of DBZ-loaded PLGA microspheres to induce browning
was demonstrated by both in vitro and in vivo studies. This study
for the first time demonstrates the feasibility of developing a
bioengineered carrier system for controlled delivery of DBZ
to achieve inductive browning using biodegradable polymeric
microspheres. To facilitate the translation of our technology
platform to have a positive impact in the therapeutic treatment,
future efforts will be focused on the evaluation of this controlled
delivery system with human cells and tissues.
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Unlocking the therapeutic potential of brown/beige adipose tissue requires technological
advancements that enable the controlled expansion of this uniquely thermogenic tissue.
Transplantation of brown fat in small animal model systems has confirmed the expec-
tation that brown fat expansion could possibly provide a novel therapeutic to combat
obesity and related disorders. Expansion and/or stimulation of uncoupling protein-1
(UCP1)-positive adipose tissues have repeatedly demonstrated physiologically beneficial
reductions in circulating glucose and lipids. The recent discovery that brown adipose
tissue (BAT)-derived secreted factors positively alter whole body metabolism further
expands potential benefits of brown or beige/brite adipose expansion. Unfortunately,
there are no sources of transplantable BATs for human therapeutic purposes at this
time. Recent developments in bioengineering, including novel hyaluronic acid-based
hydrogels, have enabled non-immunogenic, functional tissue allografts that can be used
to generate large quantities of UCP1-positive adipose tissue. These sophisticated tissue-
engineering systems have provided the methodology to develop metabolically active
brown or beige/brite adipose tissue implants with the potential to be used as a metabolic
therapy. Unlike the pharmacological browning of white adipose depots, implantation of
bioengineered UCP1-positive adipose tissues offers a spatially controlled therapeutic.
Moving forward, new insights into the mechanisms by which extracellular cues govern
stem-cell differentiation and progenitor cell recruitment may enable cell-free matrix implant
approaches, which generate a niche sufficient to recruit white adipose tissue-derived
stem cells and support their differentiation into functional beige/brite adipose tissues.
This review summarizes clinically relevant discoveries in tissue-engineering and biology
leading toward the recent development of biomaterial supported beige adipose tissue
implants and their potential for the metabolic therapies.

Keywords: beige, adipose, brown fat, brown adipose, obesity, diabetes mellitus, bioengineering, hydrogel

INTRODUCTION

Proposing brown adipose tissue (BAT) expansion as a therapeutic treatment for obesity and obesity-
related disorders has recently gained significant traction (1, 2). BAT, as well as beige adipocytes (3,
4), has high metabolic capacity due to high mitochondrial content and expression of uncoupling
protein-1 (UCP1) (5), a long-chain fatty acid anion/proton-symporter (6), found in the inner
mitochondrial membrane. UCP1 decouples the action of ATP-synthase and dissipates the proton
gradient produced by the electron transport chain, thus generating heat. BAT mass inversely

Frontiers in Endocrinology | www.frontiersin.org 119

October 2015 | Volume 6 | Article 164


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://dx.doi.org/10.3389/fendo.2015.00164
https://creativecommons.org/licenses/by/4.0/
mailto:astahl@berkeley.edu
http://dx.doi.org/10.3389/fendo.2015.00164
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2015.00164&domain=pdf&date_stamp=2015-10-20
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00164/abstract
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00164/abstract
http://loop.frontiersin.org/people/211929/overview
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Tharp and Stahl

Bioengineering beige adipose tissue therapeutics

correlates with body mass index (BMI), which supports the notion
that BAT may regulate overall bodyweight and metabolic health
(7). The benefits of expanded UCP1-expressing adipose may not
be limited to their metabolic characteristics, as brown adipose has
been shown to possess a potent secretome (8). Notably, implanted
BAT has been shown to produce secretions of IGF-1, which was
reported to enable the insulin-independent reversal of type-1 dia-
betes (9). BAT also appears to exert significant effects on the lipid
metabolism in the liver (10) and bone mineral density (11, 12).
Overall, the generation of functional beige or brown adipocytes
for therapeutic purposes appears to hold significant merit for a
number of possible treatments.

The current strategies to clinically deploy BAT fall into two
main categories: pharmaceutical or genetic interventions to
induce endogenous BAT/beige differentiation pathways, and the
ex vivo generation of autologous cell/tissue transplants (13-17).
Current gene-therapy approaches still have challenges to over-
come before they are applied as anti-obesity therapeutics (18),
but have proven to be significant instruments for investigating
BAT biology (16, 19). Pharmacological activation of the pathways
that drive a white adipose tissue (WAT) to beige/brite transi-
tion, a process known as “browning’, offer little control over
the location and temporal extent of the effects. Transplantation
of autologous BAT in small animal models has shown clear
metabolic enhancements (20-22) but approaches are unlikely to
be suitable for human therapies since there are few sources of
transplantable mature human BAT and immune-rejection would
need to be overcome. To successfully harness the therapeutic
potential of BAT, a readily available source of transplantable cells
with the potential to robustly generate UCP1-positive (UCP1+)
adipocytes must first be identified or created. Second, the basis
to form a functional, non-immunogenic, highly localized, and
metabolically active brown/beige tissue must be defined.

TISSUES FOR TISSUE-BASED THERAPIES

The use of small molecules or growth factors to induce the brown-
ing of WAT is a promising area of research, but systemic dosing
has the potential to produce off target effects with undesirable
consequences. One notable browning agent, rosiglitazone, was
widely used to treat diabetes but has disconcerting side effects that
included heart failure (23). Browning factors (24-39) generally
target conserved signaling pathways, making specificity a con-
cern. By using biomaterials to localize and control release kinetics
of browning factors to desired anatomical locations, an acceptable
level of specificity may be achieved (40-46). When increasing
the number of brown adipocytes, other supporting cell types are
required for producing a functional tissue. For BAT, this includes
interactions between the nervous, vascular, and immune systems,
with UCP1+ adipocytes. Efforts to understand how brown or
beige fat responds to cold temperature have uncovered evidence
that classical brown fat relies on the sympathetic nervous system
(47-49) and immune system (50, 51) to initiate and maintain
the thermogenic response. While immune (33, 34) and nervous
systems (52) also play a major role in beige fat development
and activation, beige adipocytes have the innate ability to sense
temperature and independently respond by either differentiating
into UCP1+ adipose and/or by inducing uncoupled respiration

(53). Thus, classical brown, but not beige, tissue therapeutics will
likely require sympathetic innervation for thermogenic function
and persistence. The vascular system enables access to metabolic
substrates, as well as the oxygen required for the metabolic activity
of brown/beige fat (10). Additionally, vascular networks circulate
activating or browning signals (25, 30, 35, 54-56). In addition to
innervation and vascularization, tissue-based therapies facilitate
important cell-cell and cell-extracellular matrix (ECM) interac-
tions that provide function altering chemical and physical inputs
(57-62).

Natural ECM is comprised of collagens, elastins, fibronectin,
laminins, proteoglycans, and glycosaminoglycans (63). The ECM
is a highly organized network of physical signals that dynamically
interact with the cells it supports. The topology and composition
of the ECM is heavily remodeled, especially during differentiation.
Remodeling of the ECM is a balance of specific degradation by
matrix metalloproteinases (MMPs), new matrix component depo-
sition, unmasking of cryptic binding sites in response to cleavage
or tension, crosslinking or bonding of ECM components, and
inside-out signaling from adhesion receptors on cellular surfaces.
Growth factor signaling is regulated through the ECM by control-
ling their capture or exclusion, rate of delivery to the cell surface
receptor, and molecular presentation (64). The ECM establishes
a biological framework that provides physical support to cells,
but also regulates signaling through adhesion receptors and alters
endocrine, paracrine, autocrine, and juxtacrine signals (62). To
date, many groups have remade “synthetic” tissues by decellular-
izing the desired tissue, then reseeding the remaining native ECM
with cell populations (65, 66). However, given the inaccessibility of
mature BAT, this approach will be difficult to translate to artificial
UCP1+ tissues.

Tissue architecture has been known to exert strong effects on
cell behavior, and in vitro hydrogels, meant to mimic natural
ECMs, appear to be a successful option to improve cell culture
models (67). These 3-dimensional (3D) hydrogels, which are
water swollen polymer networks, have been utilized to enhance
hepatocyte (68) and pancreatic islet function (69). Not only does
3D-organization affect the function and viability of cells (70),
but it mediates the differentiation of many cell types (71), espe-
cially adipocytes. Adipogenesis is highly dependent on cytoskele-
tal rearrangements where cell shape is altered to accommodate
the intracellular accumulation and organization of lipids. This
was discovered when preadipocytes could not differentiate when
cultured on a surface of fibronectin (72); this phenotype was
rescued by disrupting the cytoskeletal response to the supra-
physiological abundance of fibronectin. Laminin also has been
found to play a role in WAT expansion (73). Another adipose
ECM component, Collagen VI, was found to be an essential
microenvironmental signal for adipocytes to regulate the amount
of TAG they accumulate (74). When Collagen VI is removed
from the adipose ECM, adipocytes develop a hypertrophic state
in which the adipocytes are capable of sequestering significantly
more lipids than normal. Specific ECM degradation is also a
critical feature of WAT development (75). These phenomenal
findings support the notion that the adipose ECM is an integral
signal for adipocyte behavior and overall condition and func-
tion of the organ. When working with in vitro models of white
adipocytes, it is also evident that the prototypical unilocular lipid
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droplets observed in vivo are not present unless cultured in 3D-
matrices (76, 77).

Comparatively little is known about the ECMs of WAT, BAT,
and the changes in adipose-matrix during browning. As this
area of research is explored further, ECM-derived signals will
hopefully be identified to build our understanding of adipocyte-
ECM interactions and provide applicable systems to induce the
formation of UCP1+ adipocytes. Biomaterials have utilized the
incorporation of whole ECM components, such as laminin (78)
or collagen (79), to improve their biocompatibility and effec-
tiveness as cell scaffolds. Whether or not specific mixtures of
ECM components can be combined with preadipocytes to form
functional brown fat has yet to be determined, but this approach
has already been applied to WAT (66, 80, 81). ECM molecules
could theoretically be derived from the same tissues used to isolate
the primary precursor cell populations for the generation of an
adipose allograft (66) but thermogenic fat may have a distinct
structural niche capable of engaging specific integrin (82) and
syndecan (83) populations. Integrin expression is known to be
highly dynamic during adipogenisis (84) and the beta-1 integrin
has been extensively used to purify preadipocytes (85). Therefore,

targeting integrin signaling appears to be a logical method to
alter adipogenesis and it is likely that UCP1+ tissue function
is dependent on specific 3D interactions and organization. This
has now been demonstrated via integrin-ligands, in the form
of matrix-derived peptide sequences and secreted molecules, on
both UCP1-expression and lipid accumulation (86, 87).

MATERIALS TO BUILD TISSUES

Decellularized tissue-based tissue-engineering is not the only
method to produce synthetic tissues (81, 88, 89). Polymeric bio-
materials with bioactive modifications have been employed to
generate many tissue types (61, 90-92). Tissue-engineering is a
sophisticated endeavor that requires significant tuning, therefore
modular approaches should be considered for the construction
of functional synthetic tissues. Specifically, the physical proper-
ties, degradation kinetics, and biologically interactive components
should be able to be altered independently. Bioengineered tis-
sues can be generated through the selection of a core polymer,
a crosslinking system, bioactive modifications, and the incor-
porated cell populations (Figure 1). The core material of the
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FIGURE 1 | Modular tissue-engineering. Here, we visually depict the five bioengineering variables discussed throughout this review. By tailoring the properties
biochemical and physical properties of the biomaterial, synthetic tissues for therapeutic purposes can be successfully generated.
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biomaterial determines the method of deployment (injectable-
vs.-implantable), macrostructure, and the behavior of the cellular
payload.

While many biocompatible materials have been proposed to
engineer beige/brown-adipose tissue (93), HyA-based hydrogels
show particular promise for the engineering of adipose tis-
sue for therapeutic purposes (94, 95) and is the only mate-
rial that has been successfully used to establish brown/beige fat
implants in vivo (86). HyA is a naturally occurring glycosamino-
glycan, consisting of -1,4-p-glucuronic acid- B-1,3-N-acetyl-p-
glucosamine, that is highly tractable for tissue-engineering for
biomedical purposes (94, 95). Endogenous HyA is synthesized
by hyaluronic acid synthase and extruded into the extracellular
microenvironment, where it functions as an essential component
of the native ECM and interacts with cell surface receptors such
as CD44 or RHAMM (96). HyA is highly variable in length, span-
ning lengths up to 10 UM and ranging from 100 kDa to 8 mDa.
Hyaluronic acid plays a pivotal role in ECM organization through
its interactions with the other major components of the ECM (63).

HyA scaffolds enhance survival of autologous adipose stem-cell
implants (97-100) and possibly promote adipose expansion (101).
Not only are HyA-based hydrogels naturally occurring, biocom-
patible, modifiable, injectable, biodegradable, non-immunogenic,
and anti-thrombogenic (94, 102), but also HyA has already been
FDA approved for a number of clinical applications such as correc-
tion of facial lipoatrophy, wrinkle and scar removal, amelioration
of osteoarthritic joint pain, dietary supplementation, ulcers, and
cataract surgery. HyA has also showed clinical success for the
temporary esthetic augmentation of lips, breasts, and buttocks
(103), and achieved impressive results as a replacement of tra-
ditional dressings of epidermal burns and lesions (104). Impor-
tantly, utilizing HyA avoids fibrotic encapsulation of implants, a
problem that has plagued the early literature of bioengineering
(105). In general, avoiding encapsulation requires the use of non-
immunogenic materials and cells, biodegradable materials, nearly
anisotropic physical properties to the surrounding tissues, and
possibly growth factors to induce recruitment of host-derived cells
into the implant. HyA has been shown to have significant effects
on tissue remodeling and cell signaling, and is naturally degraded
by hyaluronidase or oxidizing agents (106).

CELLS FOR METABOLIC THERAPEUTICS

Generation of bioengineered-BAT will rely on an easily acces-
sible and ample source of progenitor cells. A key discovery in
this regard came from the observation that UCP1+ adipocytes
can be generated by certain WAT depots (107). These distinct
adipocytes are described as beige/brite, and they express unique
surface markers (3). While genetic factors play a major role in
the ability to generate beige adipocytes (108, 109), the expansion
of beige adipose mass has been linked to improved metabolic
health. Therefore, the isolation of adipose-derived multipotent
stem cells (MSCs) from undesirable WAT depots and subsequent
reintroduction as autologous BAT shows therapeutic promise.
One of the most abundant sources of preadipocytes is WAT, and
the implantation of WAT-derived stem cells is an FDA accepted
procedure (110).

The most common source of WAT-derived stem cells is
the stromal vascular fraction (SVF), which contains T cells, B
cells, mast cells, adipose tissue macrophages, and MSCs such
as preadipocytes and endothelial progenitor cells. This cellular
fraction can be further purified to enrich preadipocytes by select-
ing for cell surface markers such as Pref-1+, Lin—, CD29+,
CD34+, Sca-1+, CD24+, CD45—, Macl—, PDGFRo+ (15, 17,
111). Additionally, preadipocyte sorting can be used to enrich
for populations that are known to readily transdifferentiate into
beige/brite fat such as CD137, TMEM26, ASC-1, PAT2, and
P2RX5 (112). Alternatively, as stem-cell therapies become more
accepted, induced pluripotent cells might be a suitable option
since iPSC-derived brown adipocytes have also been generated
and transplants of these cells show promising metabolic effects
(16, 113).

While a purified population of preadipocytes or adipocytes may
provide more conclusive insights for biological experiments, it
may not be optimal for building a functional tissue. As previously
mentioned, the immune system and vascular systems are essential
for supporting the function and formation of beige adipose tissue
and other SVF components could contribute to these tissue types.
For example, macrophages and T cells have been shown to be an
important part of beige/brown-adipose function and development
(33, 51, 114) and interactions between the adipocytes and the
vascular niche may also be important for browning (115-118)
particularly through cell-cell interactions, cytokines, and growth
factors such as I1-33 (35) or VEGF-A (119). Thus, the use of multi-
ple purified cell population or utilization of non-purified-SVE, as
recently demonstrated for the generation of bioengineered-BAT
(86), may offer distinct advantages.

BIOMATERIAL OPTIMIZATION

Degradation and remodeling ability of the synthetic ECM is just
as important as the initial structure itself. If the synthetic tissues
are not biodegradable through mechanisms that cells naturally use
for movement and reorganization, integrating with the host will
be jeopardized. Specifically, to facilitate effective remodeling and
reorganization of the tissue by the immune and vascular systems,
biodegradable and biologically interactive biomaterials should be
utilized. The simplest way to imbue a biomaterial with biodegrad-
ability is to use MMP-sensitive crosslinking agents. Most of the
available core materials can be easily modified to accommodate
the current MMP-sensitive crosslinkers, which are short peptides
containing an MMP-specific cleavage site (61, 120-122). Most
of these core materials will be modified to facilitate efficient
crosslinking by spontaneous aqueous phase reactions, such as the
Michael addition where a thiol and acrylate form a thio-ether
bond (92, 123). These types of biodegradable crosslinkers have
been shown to be essential for the recruitment of host cells for the
successful in vivo integration of biomaterial implants (122, 124).
Additionally, the elastic modulus of biomaterials has been
shown to be highly instructive for the differentiation of MSCs into
adipocytes (125-127). This mechanotransductive control of dif-
ferentiation can be accomplished without applying direct physical
forces to cells. By presenting a cell with an adhesion-promoting
environment, matrix-associated adhesions form and produce an
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intrinsic mechanotransductive signal for the cell, as well as adja-
cent cells in the microenvironment. Therefore, a soft biomate-
rial optimized with specific adhesion-promoting ligands may be
capable of inducing the same mechanotransductive signals as a
much stiffer material. Numerous biological processes are affected
by mechanical signals; notably, nuclear envelope plasticity and
permeability (128, 129), splicing (130), and signal transduction
(131). The prominent browning factor, BMP7, is known to alter
cytoskeletal dynamics in adipocytes and other cell types, which
supports the notion that physical cues may be important for
bioengineered-BAT (32, 132-134). Interestingly, our group found
that the storage modulus of WAT seems to differ from that of
BAT (WAT ~ 3 kPa, BAT ~ 4 kPa). How important this difference
in modulus is for brown fat development and function remains to
be explored more systematically.

Bioactive modifications, such as integrin-binding domains
conjugated to hydrogels, have become commonplace to enhance
the bioactivity of biomaterials (61, 90, 91) and HyA-hydrogels
augment integrin signaling (135). These materials provide some
degree of ECM-mimicry without replicating the entire complex-
ity of the native ECM. For example, alginate conjugated with
RGD-containing ligands is supportive to cardiomyocytes and also
promotes adipogenisis (136, 137). However, alginate’s effects on
adipogenisis may be due to the rounded morphology, shown to
be strongly instructive to adipogenesis (72), cells undergo when
encapsulated in alginate-based materials (138). Other peptide-
modified hydrogels promote the formation of bone via colla-
gen mimetic peptides (139). ADMSC-spheroids entrapped in
Poly(ethylene glycol)-hydrogels have been proposed to form beige
adipocytes in vitro (140) and have been modified to drive MSCs
toward adipogenic or osteogenic fates (141). Interestingly, Vaicik
et al. find UCP1-expression highest when the storage modulus of
the hydrogel is BAT-equivalent.

Recent work by our laboratory to develop bioengineered-BAT
with HyA-based biomaterials, differentiation promoting adhe-
sion ligands, MMP-sensitive crosslinkers, and ADMSCs has pro-
duced a synthetic beige adipose tissue. The discovery of these
bioactive modifications came from an effort to screen for lig-
ands that preferentially promoted the attachment of UCP1+
adipocytes. Incidentally, it was discovered that some of these

bioactive components, derived from laminin, directly enhanced
UCP1-expression (86). The identified bioactive peptides were
then conjugated to a HyA core material to promote brown-
ing. The assembly of the optimized hydrogel with adipocytes
was termed beige adipose tissue-matrix-assisted cellular trans-
plant (BAT-MACT), and was shown to successfully scaffold beige
adipocytes for therapeutic purposes in animal models. What
is particularly exciting about these HyA-hydrogels and MMP-
sensitive crosslinkers is that they are injectable, making this
approach as non-invasive as possible. Due to HyA’s viscoelastic
properties, it can be easily mixed with the desired cell populations
and just before implantation, mixed with the crosslinker. This
allows for a short period of time where the cell-laden hydrogel
is still a liquid and can be injected to the desired anatomical
location with subsequent crosslinking to solidify a functional
organoid.

The BAT-MACT implant system (Figure 2) has shown that
implanted beige fat can have a nearly immediate effect on glucose
homeostasis that persists during the duration of the implant’s lifes-
pan. Implanted beige adipose, similar to brown adipose, responds
to cold stimulus by increasing lipid uptake an oxidation. The
expansion of beige fat attenuates weight gain on a high-fat diet
and induces a thermo-responsive metabolic augmentation to the
recipient (86). Being that adipocytes derived from WAT sources
are capable of sensing temperature independent neuronal sig-
naling, it is not surprising that an implant of beige fat behaves
this way. However, implanted classical brown adipose may not
necessarily function in this manner, as the organ relies heavily on
the sympathetic neuronal stimulation to induce the thermogenic
program.

FUTURE DIRECTIONS

The first iteration of BAT-MACTs had an in vivo lifespan of
approximately 3-4 weeks (86), which allows for well-controlled
spatio-temporal applications but may be too short for single-
application-based metabolic interventions. Further effort is
needed to understand what would promote the maintenance of
such a metabolically active depot for longer periods of time
and if a microenvironment capable of promoting beige adipose

O

2

implantation, weight loss will occur.

FIGURE 2 | Beige adipose tissue-matrix-assisted cellular transplant (BAT-MACT). The strategy used to expand beige adipose tissue for therapeutic purposes
can be deconstructed into six stages: (1) Isolation of white adipose tissue (WAT) from patient. (2) Purification of stromal vascular fraction from the explanted WAT. (3)
In vitro differentiation of SVF-derived preadipocytes toward the beige fat phenotype. (4) Suspension of beige adipocytes (SVF) into optimized hydrogel for
implantation. (5) Post implantation, the hydrogel is biocompatible and degradable so that it is permissive to integrate the recipient’s vascular, immune, and nervous
systems. (6) The established beige adipose tissue functions as a metabolically active organ. If a sufficient increase of metabolic rate is achieved via BAT-MACT
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self-renewal could be created (71). The inclusion of modifica-
tions that enhance beige adipogenesis or metabolic activity, such
as sequestered growth factors, small molecules, or mixed mate-
rials will certainly be pursued. Incorporating metabolic activa-
tors of beige adipocytes into the BAT-MACT system may be
an essential step toward promoting weight loss and metabolic
improvement in the face of thermoneutrality. At this stage,
by using immobilized synthetic physical cues, the biomate-
rial component has a significantly lower risk of off target
effects relative to a similarly functioning implant generated
with secreted factors temporarily sequestered within the matrix.
At its extreme, the implanted matrix could be endowed with
sufficient biochemical and biophysical clues for the recruit-
ment and directed differentiation of stem cells to allow for
cell-free implants that are sufficient to establish beige adipose
tissue. Such an acellular implant would be attractive as it could
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avoid many cost and health concerns associated with cellular
implants.

Opverall, extension of tissue-engineering principles to brown
fat biology holds the promise of furthering both our mechanistic
understanding of the factors required for brown/beige fat function
and development, the rapid testing of hypothesis regarding the
physiological impact of brown/beige tissue expansion, and ulti-
mately novel treatment options for metabolic disorders.
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