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Abstract: Beige adipocytes are defined as Ucp1*, multilocular adipocytes within white adipose tissue
(WAT) that are capable of thermogenesis, the process of heat generation. In both mouse models and
humans, the increase of beige adipocyte population, also called WAT browning, is associated with
certain metabolic benefits, such as reduced obesity and increased insulin sensitivity. In this review,
we summarize the current knowledge regarding WAT browning, with a special focus on the beige
adipocyte plasticity, collectively referring to a bidirectional transition between thermogenic active
and latent states in response to environmental changes. We further exploit the utility of a unique
beige adipocyte ablation system to interrogate anti-obesity effect of beige adipocytes in vivo.
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1. Introduction

Energy balance requires equivalent energy intake and energy expenditure. When energy intake
exceeds energy expenditure, animals store excess energy as fat in adipose. When the adipose tissue is
overloaded, excess fat is ectopically deposited in other metabolic tissues. The chronic energy excess
can lead to obesity and further metabolic dysfunctions in other organs [1]. Adaptive thermogenesis,
the heat production in response to changes of environmental temperature and diet, is a major
contributor of total energy expenditure. Adaptative thermogenesis occurs mostly in brown fat [2],
which contains specialized mitochondria-rich brown adipocytes whose thermogenic functionality
is conferred by the uncoupling protein 1 (Ucpl) [3,4]. Two types of Ucpl™ adipocytes have been
distinguished by their localization, developmental origin, and molecular signature in small rodents.
The classical brown adipocytes are present in interscapular and perirenal adipose tissues, and they
originate from Myf5*/Pax7* skeletal muscle progenitors [5]. The beige adipocytes (also named brite
adipocytes) are formed and clustered within subcutaneous white adipose tissue (WAT) in response to
B-adrenergic stimulation [6-8]. The development and function of brown and beige adipocytes have
been comprehensively reviewed elsewhere [9-12].

The presence of thermogenic, UCP17" fat depots in adult humans has been recognized recently
by 18F-fluoro-deoxy-glucose positron emission tomography (!8F-FDG PET) with computer-assisted
tomography (CT), due to their increased activity of glucose uptake [13-16]. 8F-FDG positive depots in
humans contain both classical brown and beige adipocytes [17-20]. Several studies using anatomical
and transcriptome profiling approaches have indicated that interscapular brown fat from human
infants and neck brown fat from human adults share features with classical murine brown adipocytes,
while supraclavicular fat of adult humans mainly consists of beige adipocytes. Importantly, the Ucp1*
beige adipocytes are steadily observed on humans or mice exposed to cold environment, but their
appearances are also negatively correlated with aging and obesity, suggesting a potential role of beige
adipocytes in regulating energy homeostasis.
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2. Beige Adipocyte Formation: Different Players

It has been well established that activity of beige adipocytes is dominantly regulated by the
sympathetic nervous system, induced by the cold or just the feeling of cold (Figure 1) [6-8]. Chemical
denervation with 6-hydroxydopamina, prior to 3-week-old age or prior to cold exposure, impairs beige
adipocyte formation, indicating the importance of sympathetic nerves during WAT browning [21].
Previous studies on anatomical positioning of sympathetic nerves in the subcutaneous inguinal white
adipose tissue (iWAT), for example, by staining the tyrosine hydrolase* (Th") sympathetic nerves
in fixed tissues [22,23], lack spatial and temporal precision [21,24,25]. Th*-sympathetic nerves and
beige adipocytes are not distributed evenly across iWAT [22], suggesting that anatomic positioning
of sympathetic nerves may also contribute to beige adipocyte formation. However, the actions of
sympathetic nerves, the engagement of neurotransmitters, and their receptors at the contact sites of
the sympathetic nerve and receiving cell in live mice are most unknown, and functional relevance of
sympathetic nerve neurotransmission in beige adipocyte plasticity, especially during the postnatal
period, is not fully elucidated yet.
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Figure 1. Players that are involved in beige adipocyte formation. There are two major routes to generate

the Ucpl* and multilocular beige adipocytes in white adipose tissue (WAT) by various physiological
stimuli, such as cold, nutrient excess, burn injury, exercise, and cancer cachexia. The first route is
through de novo beige adipogenesis from PDGFRa*, or PDGFRb* or MyoD™ progenitors residing in
WAT. The other route is through transdifferentiation from existing white adipocytes. Although the
sympathetic nervous system (SNS) is the major driver for beige adipocyte formation, various types of
immune cells and circulating hormones (thyroid hormone, Natriuretic peptides, FGF21, Irisin, IL-6) and
metabolites (succinate, lactate, and bile acid) can influence beige adipocyte formation via either route.

Young et al. first observed the formation of brown-like adipocytes (multilocular in morphology
and presence of the 32 kD mitochondrial uncoupling protein—Ucp1) in the parametrial fat pad,
a traditional white fat pad, in female BALB/c mice after cold acclimation [26]. Numerous reports
support the notion that these brown-like or “brite” adipocytes were transdifferentiated from existing
white adipocytes [27-31]. In 2012, Wu from Spiegelman’s group established that these brown-like
adipocytes (re-named as beige adipocytes) represented a distinctive population of thermogenic active
adipocytes within WAT, in contrast to the classical brown adipocytes from the brown adipose tissue
(BAT) [32]. And importantly, the clonal analysis of this study suggested distinct progenitors that
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can give rise to beige adipocytes, different with the transdifferentiation model. Follow-up studies
did reveal that PDGFR«™" progenitors [33] and smooth-muscle lineage/mural progenitors [34-36] can
differentiate into beige adipocytes in vitro and in vivo (Figure 1). MyoD* progenitors also contribute
to beige adipogenesis in the absence of AR signaling [37], highlighting the heterogeneity of the beige
adipocyte population. Notably, these two routes of beige adipocyte formation, de novo adipogenesis
from progenitors and transdifferentiation from white adipocytes, are not mutually exclusive [25,36,38].

Other cell types within WAT also modulate cold-induced beige adipocyte formation via
diverse mechanisms. The immune cell-beige adipocyte communications, involving macrophages
(alternative activated macrophages and sympathetic neuron-associated macrophages), eosinophils,
type 2 innate lymphoid cells (ILC2s), natural killer T cells (iNKTs), regulatory T cells (Tregs), and
acetylcholine-producing CD45* cells, may either positively or negatively regulate beige adipocyte
formation, which have been reviewed elsewhere (Figure 1) [39]. These immune cells, along with gut
microbiota remodeling, can also affect browning under changing nutrient status (such as intermediate
fasting and dietary restriction [40—42]). Which route of WAT browning is triggered by immune
cells remains to be characterized. In addition to cold stimulation, physiological process such as
burn injury [43,44], exercise [45—47], cancer cachexia [48-51], lactation in females [52,53], and various
circulating factors (hormones and metabolites) [45,54-63] also affect beige adipocyte formation,
although the involvement of the sympathetic nervous system and the contribution of de novo beige
adipogenesis or transdifferentiation (or both) in these settings have not be thoroughly determined.
Beige adipocytes can be found in most, if not all, subcutaneous fat depots especially under cold
adaptation [64]. For example, the subcutaneous inguinal white adipose tissue (iWAT) has been wildly
studied in the field of beige adipocyte biology. Browning can occur in visceral fat depots under
prolonged cold adaptation. In addition, multilocular Ucp1™ beige adipocytes can be found in other fat
depots, such as perivascular adipose tissue and thigh adipose tissue [65].

3. Beige Adipocyte Plasticity: Ucp1* vs. Ucpl*-Lineage

Beige adipocytes are defined as Ucpl* multilocular adipocytes within WAT. Common practices
in the aforementioned studies to detect WAT “browning” include quantitative determination of
thermogenic gene expression (predominantly the Ucpl gene), immunoblot or immunostaining to
detect Ucpl protein, histological analysis of tissue sections to detect multilocular adipocytes, and
Seahorse respiratory activity from tissues or cells or just isolated mitochondria. These methods do
present a “screenshot” view of beige characteristics within WAT but fail to reveal the dynamics of beige
adipocytes at cellular resolution and in chronological scale.

In 2013, Wolfrum’s laboratory elegantly demonstrated a bidirectional transition of beige adipocytes
between thermogenic active and latent states in response to environmental changes in adult mice [66].
In the Ucpl-Tracer mice (Ucpl-GFP:Ucpl-CreER:Rosa-tdRFP), Ucpl expression and Ucpl lineage
(regardless of current Ucpl expression) were visualized by GFP and RFP separately. Under warm
condition, RFP":GFP* beige adipocytes became latent RFP*:GFP~ white-like unilocular adipocytes,
the process of beige adipocyte whitening. These unilocular RFP* (being Ucp1* in the past) adipocytes
transformed into multilocular GFP* beige adipocytes again upon cold stimulation, strongly suggesting
that the Ucpl* adipocytes can manifest either beige or white adipocyte phenotype, depending on
ambient temperature.

We [25] and others [67,68] have evaluated beige adipocyte formation during postnatal development.
Ucpl expression in iWAT was absent in 1-week-old pups, reached a peak in 3-week-old pups, and
gradually reduced to base line in 8-week-old adult mice. Ucpl expression correlated with beige
adipocyte abundance; H&E staining confirmed the presence of the multilocular beige adipocytes only
in 3-week-old pups. These beige adipocytes formed during postnatal development were referred
as postnatal beige adipocytes. Lineage tracing experiments in Ucpl-Cre:Rosa-STOP-mT/mG mice
showed that GFP* Ucpl*-lineage adipocytes were still present in adults, but being latent (unilocular
in morphology and negative for Ucpl expression) [25]. Thus, the Ucpl* beige adipocytes formed
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postnatally (~3 weeks of age) in iWAT gradually lose their beige characteristics (Ucpl expression and
multilocular morphology) in adult stage, but they can reappear in response to cold [25,67,69,70].

We employed Ucpl-Cre inducible diphtheria toxin receptor (iDTR)-mediated cell ablation system
(Figure 2a,b) [71], to determine whether postnatal beige adipocytes and cold-induced beige adipocytes
at adult stage were the same cell population. In 3-week-old Ucp1-Cre:Rosa-STOP-iDTR (abbreviated
as Cre™) pups, the postnatal beige adipocytes were successfully ablated three days after diphtheria
toxin (DT) administration, confirmed by absence of Ucpl expression and multilocular adipocytes.
Then, we injected CL316243 (a 33 specific agonist, abbreviated as CL) for 4 or 7 consecutive days in
control (Rosa-STOP-iDTR, abbreviated as Cre™) and Cre* mice at 8 weeks of age. Although CL strongly
induced Ucpl mRNA levels in iWAT from Cre™ mice, it had no effect in beige-ablated Cre* mice.
A similar result was obtained in 4-day 8 °C cold stimulation. Longer cold stimulation (7- and 14-day 8
°C) induced Ucp1 expression in beige-ablated Cre* mice. This could be due to compensatory beige
adipocyte adipogenesis [35,36,72]. In contrast, both CL and cold induced epididymal WAT (eWAT)
Ucp1 expression similarly in postnatal beige adipocyte-ablated and non-ablated mice [25], suggesting
the involvement of de novo beige adipogenesis in cold-induced beige adipocyte formation in visceral
epididymal fat depot.
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Figure 2. Beige adipocyte specific ablation in vivo. (a) Diagram showing beige adipocyte ablation
strategy. In Ucpl-Cre:Rosa-STOP-iDTR mice at room temperature, DT injection at ~3 weeks of age
induces cell death of Ucpl™ brown adipocytes in interscapular BAT (iBAT) and beige adipocytes in
iWAT within 3 days. Brown adipocytes gradually repopulate the BAT in 3-5 weeks, while Ucpl™*
beige adipocytes remain absent in iWAT. (b) Representative H&E staining of iBAT and iWAT from
Ucp1-Cre:Rosa-STOP-iDTR"! mice prior to 3 days or 5 weeks post-DT injection. Scale bar: 200 pm.
Black arrows: Multilocular brown and beige adipocytes.

Thus, two consecutive phases of beige adipocyte formation in iWAT are present during postnatal
development; the first one is due to de novo adipogenesis (genesis) and peaks at 3 weeks of age,
and the other one is through restoring the beige characteristics in the latent beige adipocytes under
-adrenergic stimulation at adult stage (renaissance, the restoration of thermogenically active beige
adipocytes) (Figure 3). This “beige adipocyte renaissance” model emphasizes that white adipocyte
be converted to beige adipocyte by cold has Ucpl expression history [25], which is supported by
observations from other laboratories [38,68,69,73].

To avoid confusion with preexisting literatures, here we describe adipocytes with Ucpl expression
history (regardless of their cellular morphology or Ucpl expression currently) as Ucpl*-lineage
adipocytes, and white adipocytes without Ucp1l expression history as Ucp1l~-lineage adipocytes. Beige
adipocyte plasticity collectively refers to the ability of Ucpl*-lineage adipocytes to transform between
thermogenic latent (unilocular and Ucp1~) and active (multilocular and Ucp1™) states in accordance
to environmental fluctuations (Figure 3), including the maintenance of active beige adipocytes from
postnatal (3 weeks of age) to adult stage (>8 weeks of age), and cold-induced beige adipocyte renaissance
and their maintenance in adults under different nutritional status. Notably, only latent Ucp1™-lineage
adipocytes, not Ucp1~-lineage white adipocytes, can be transdifferentiated into active Ucp1* beige
adipocytes by cold in adult mice.
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Figure 3. Beige adipocyte plasticity. During postnatal development, thermogenic active beige
adipocytes (positive for Ucpl and multilocular in morphology) in iWAT peak at ~3 weeks of age, due
to de novo beige adipogenesis from progenitors (“genesis”). These Ucpl*-lineage beige adipocytes are
unstable by default, becoming latent beige adipocytes (negative for Ucpl and unilocular in morphology)
at adult stage (~8 weeks of age) at room temperature (RT). Under 4 °C cold stimulation, their beige
characteristics are restored (“renaissance”). The “maintenance” of beige adipocytes refers to the process
that thermogenic active beige adipocytes remain their thermogenic activity, which requires persistent
cold stimulation. Withdrawal from cold or nutrient excess can convert the active beige adipocytes back
to the latent stage.

4. HDAC4 Signaling in Ucp1~-Lineage White Adipocytes Controls Ucp1*-Lineage Beige
Adipocyte Plasticity Non-Cell Autonomously

One critical obstacle in beige adipocyte research is that there are no specific Cre lines to precisely
target white, brown, or beige adipocyte (present or past) in mouse models. Tissue specificity
of available Cre lines has been summarized [74-76]. Caution should be taken to link the WAT
browning to the systemic metabolism in mouse models using Adiponectin, Prx1 or Fabp4, or Ucpl
enhancer/promoter-driven gene deletion or overexpression [24,25,77,78]. With this notion in mind, the
maintenance of the thermogenically active Ucp1*-lineage adipocytes in iWAT has been investigated
in several groups. For example, Kajimura’s group demonstrated that mitophagy is essential to
maintain mitochondrial functionality in the active beige adipocytes, as Ucp1-Cre-driven deletion of
Atgb or Atg7 in Ucpl*-lineage adipocytes led to their accelerated disappearance [79]. Transcriptional
factors or cofactors, such as PRDM16, LSD1, GR, and ZFP423, also regulate the maintenance of the
Ucpl*-lineage adipocytes upon aging and changing temperature (Table 1) [38,73,80-82]. Because
Adiponectin-Cre, rather than Ucp1-Cre, is used in these studies, it is unclear whether they regulate
beige adipocyte maintenance cell autonomously (in Ucp1*-lineage beige adipocytes themselves) or
non-cell autonomously (in Ucp1~-lineage white adipocytes).

We further investigated the cellular and molecular mechanisms that control beige adipocyte
plasticity (Figure 4) [21,24,25]. We showed that blocking cAMP production in white adipocytes, but
not in Ucpl* beige adipocytes themselves, fully abolished cold-induced beige adipocyte formation in
iWAT (Figure 4a) [21], highlighting the role of cAMP signaling in white adipocytes during cold-induced
beige adipocyte formation. Previously, we identified that salt-inducible kinases (SIKs) can suppress
cAMP-dependent transcription by phosphorylating and inactivating two types of transcription
cofactors: CREB-regulated transcription coactivators (CRTCs) and class Ila HDACs [83,84]. Removing
SIK activity specifically in pan adipocytes by deleting their upstream activating kinase, liver kinase
b 1 (Lkbl), led to persistent beige adipocyte renaissance and maintenance independently of cold
stimulation, which was not observed in brown adipocyte-specific Lkb1 knockout mice (Figure 4b) [25].
Consistently, the global Sik1:Sik2 double knockout mice showed elevated Ucpl expression in iWAT [25],
although the precise roles of SIKs in this setting have not been thoroughly addressed in a tissue-specific
manner. However, deleting HDAC4, one substrate of SIKs, in white adipocytes reversed the beige
adipocyte renaissance phenotype in pan adipocyte-specific Lkb1 knockout (Lkb14K®) mice [25]. On the
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other hand, expressing a constitutively active HDAC4 in adipocytes (H4-TG mice) phenocopied
the Lkb14XC mice, regarding the beige adipocyte plasticity in iWAT (Figure 4a,b) [24]. Importantly,
ablating the preexisting beige adipocytes at 3 weeks of age prevented cold-induced beige adipocyte
formation in adult H4-TG mice [24].
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Figure 4. Central role of HDAC4 in white adipocytes during beige adipocyte plasticity. (a) Left:
Phenotypes of beige adipocyte genesis and renaissance in mouse models. Right: Blackline, dark-blue
down arrow and red up arrow indicate HDAC4 activity in Ucpl* and Ucpl~ lineage adipocytes.
(b) Proposed model: Beige adipocyte plasticity, including renaissance and maintenance, is mainly
regulated by cAMP- and HDAC4-dependent signaling in Ucpl™-lineage white adipocytes in a
non-cell autonomous fashion. Shaded box: Diagram showing salt-inducible kinases (SIKs)-HDAC4
pathway in white adipocytes. Upon cold-stimulation, catecholamine released by sympathetic nerves
binds to the beta-adrenergic receptors (3 ARs) to induce cAMP production by activating adenylate
cyclase-stimulating G alpha subunit (GNAS). cAMP inhibits SIKs, leading to dephosphorylation and
nucleus-translocation of class Illa HDACs (such as HDAC4). Liver kinase b 1 (LKB1) phosphorylates and
activates SIKs, causing phosphorylation and nuclear exclusion of class I HDACs. Abbreviations: Ucp1:
Uncoupling protein 1; iWAT: Inguinal white adipose tissue; cAMP: Cyclic adenosine monophosphate;
HDACH4: Class Ila histone deacetylase 4.

Collectively, these studies in the aforementioned mouse models clearly demonstrate that
cold-induced activation of class Ila HDACs in Ucp1~-lineage white adipocytes are necessary and
sufficient to drive beige adipocyte plasticity non-cell autonomously, suggesting a to-be-characterized
crosstalk between Ucpl~- and Ucpl*-lineage adipocytes as the key regulatory axis (Figure 4a,b).

5. Beige Adipocytes in Metabolic Diseases

Isolated mitochondria from beige adipocytes in iWAT and brown adipocytes in interscapular
brown adipose tissue (iBAT) process similar thermogenic capacities in vitro [4]. Based on the calculation
of Ucpl protein or mRNA abundance, it is estimated that maximumly activated beige adipocytes
process about a quarter of total Ucpl-dependent thermogenic activity in mice [85]. Thus, beige
adipocytes, similar to brown adipocytes, can potentially promote energy expenditure, although direct
evidence is still lacking [86,87].

Beige adipocyte plasticity is also modulated by nutrient status; excess energy intake (e.g.,
by high-fat diet (HFD)) induces beige adipocyte whitening [9]. Thus, the multilocular Ucpl™*
beige adipocytes present under normal chow cannot retain their beige characteristics under HFD.
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Consequently, it will be unlikely that metabolic benefits are contributed by thermogenic activity
from these bona fide beige adipocytes, because they are neither multilocular nor Ucp1l-positive after
long-term HFD. For example, very few mouse models show persistent WAT browning after long-term
HEFD, with the exception of the brown adipocyte-specific Tle3 and Tfam knockout mice and global
Irf3 knockout mice (Table 1) [77,88,89]. The lack of stable and thermogenically active beige adipocytes
under obesogenic conditions still represents a significant obstacle in advancing beige adipocyte-based
therapies, which also reflects an incomplete understanding of the mechanisms governing beige
adipocyte formation and function, despite over 30 years of research in this field. Thus, future studies
are warranted to investigate additional regulatory mechanisms controlling beige adipocyte plasticity.
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Table 1. Phenotype summary in selective mouse models with WAT browning phenotype under normal chow and housed at room temperature, focusing on genetic

manipulations via Fabp4, adiponectin, and Ucpl promoters.

Mechanism of Action

Moues Model Genotype WAT Browning Ref.
Ucpl*-Lineage Ucpl--Lineage
GnasBKO Ucp1-Cre:Gnas'f cAMP LOF NC Normal [21]
Gnas?AKO Adiponectin-Cre:Gnas/f cAMP LOF cAMP LOF Absent [21]
Lkb1BKO Ucpl-Cre:Lkb1/f Lkb1 LOF NC Normal [25]
Lkb14KO Adiponectin-Cre:Lkb1f Lkb1 LOF Lkb1 LOF Enhanced [25]
Hdac4BKO Ucp1-Cre:Hdac4f Hdac4 LOF NC Normal [21]
Hdac4AKO Adipanectin—Cre:HdacM Hdac4 LOF Hdac4 LOF Normal [25]
Lkb1;Hdac4AKO Adiponectin-Cre:Lkb 1 :Hdac4f Hdac4 LOF Hdac4 LOF Normal [25]
H4-TG Fabp4-HDAC4.3A HDAC4 GOF HDAC4 GOF Enhanced [24]
H4-TG;Ucp1-iDTR Ucp1-Cre:Rosa-LSL-iDTR:Fabp4-HDAC4.3A Ablated HDAC4 GOF Absent [24]
P16-TG Fabp4-Prdm16 Prdm16 GOF Prdm16 GOF Enhanced [8]
Prdm164KO Adiponectin-Cre:Prdm16/f Prdm16 LOF Prdm16 LOF Absent or Normal [38,82]
Ebf2-TG Fabp4-Ebf2 Ebf2 GOF Ebf2 GOF Enhanced [90]
Zfp423iAKO Adiponectin-rtTA:TRE-Cre:Zfp423/f Zfp423 LOF Zfp423 LOF Enhanced [81]
Lsd14KO Adiponectin-Cre:Lsd1f Lsd1 LOF Lsd1 LOF Absent [80,91,92]
Lsd1-cTG Adiponectin-Cre:CAG-LSL-Lsd1 Lsd1 GOF Lsd1 GOF Enhanced [80,93]
Zfp516-TG Fabp4-Zfp516 Zfp516 GOF Zfp516 GOF Enhanced [91,94]
Zfp516-TG; Lsd14KO Fabp4-Zfp516:Adiponectin-Cre:Lsd1f Zfp516 GOF + Lsd1 LOF  Zfp516 GOF + Lsd1 LOF Absent [91]
Hdac34KO Adiponectin-Cre:Hdac3f Hdac3 LOF Hdac3 LOF Absent or Normal [95,96]
RaptorAKO Adiponectin-Cre:Raptorf mTORC1 LOF mTORC1 LOF Absent or Normal or Enhanced [97-99]
RhebAKO Adiponectin-Cre:Rheb/f cAMP GOF cAMP GOF Enhanced [100]
ADM2-TG Fabp4-ADM?2 ADM2 GOF ADM2 GOF Enhanced [101]
mitoNEET-TG Fabp4-mitoNEET mitoNEET GOF mitoNEET GOF [102]
Tle3AKO Adiponectin—Cre:Tle3f/f Tle3 LOF Tle3 LOF Enhanced [88]
TfamBKO Ucp]—Cre:Tfamﬂf Tfam LOF Tfam LOF Enhanced [77]
BMP8b-TG Fabp4-BMP8b BMP8b GOF BMP8b GOF Enhanced [103]

BKO: Brown adipocyte-specific knockout mice mediated by Ucp1-Cre.

AKO: Adipocyte-specific knockout mice mediated by Adiponectin-Cre. LOF: Loss-of-function. GOF: Gain-of-function.
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Thermoneutrality (~30 °C for mice) is the ambient temperature that the animal maintains its body
temperature through its basal metabolism without physical and thermogenic activities, while adaptive
thermogenesis from brown and beige adipocytes is already (partially) activated at room temperature (RT;
~22 °C) [104]. Thus, comparison of metabolic phenotypes in mice housed at RT and thermoneutrality
constitutes an experimental setup to determine the contribution of adaptive thermogenesis to total
energy expenditure. For example, the adipocyte-specific Carnitine Palmityltransferase 2 (Cpt2; an
obligate step in mitochondrial long-chain fatty acid oxidation) knockout mice exhibits defective fatty
acid oxidation and adaptive thermogenesis at both RT and thermoneutrality [105,106]. These mice
exhibit reduced adiposity only at RT, suggesting that decreased adaptive thermogenesis can contribute
to the development of obesity in these mice at RT [105,106]. Similarly, adipocyte BMP8b transgenic mice
have been shown to sustain beige adipocytes at both RT and thermoneutrality due to the remodeling of
neuro-vascular network, only manifesting reduced susceptibility to HFD-induced obesity at RT [103].

However, Kozak’s group has recently shown that Ucpl*-lineage beige adipocytes appear
postnatally (~3 weeks of age), regardless of housing temperature, and they remain present in
iWAT (even in mice raised from birth at 30 °C) [70]; therefore, experiments at thermoneutrality do
not fully exclude potential contribution of Ucp1™-lineage beige adipocytes to systemic metabolism.
We targeted beige adipocyte plasticity in order to maintain functional beige adipocyte population
under HFD condition. We showed that activation of HDAC4, by removing its upstream suppressor
Lkb1 (in Lkb14X© mice) or overexpressing constitutively active HDAC4 (in H4-TG mice), in white
adipocytes can maintain the presence of the multilocular Ucp1* beige adipocytes in iWAT after a
4-5-week HFD [24,25]. However, these beige adipocytes are no longer seen after 10-12 weeks of HFD.
These observations suggest two possibilities: (1) Improved metabolic performance in Lkb14KO and
H4-TG mice after long-term HFD may be merely due to the HDAC4 activation in white adipocytes,
regardless of beige adipocyte expansion; or (2) these Ucp1*-lineage adipocytes can modulate systemic
metabolism, even in latent stage (being Ucpl™ and unilocular).

To circumvent this concern, we characterized the Ucp1-iDTR system that enables us to address
functions of these Ucp1*-lineage beige adipocytes (regardless of their current status of Ucp1 expression)
in mice at RT (Figure 2a,b) [25]. After diphtheria toxin (DT)-induced ablation of both Ucp1*-lineage
brown and beige adipocytes, brown adipocytes in iBAT are fully regenerated in 3-5 weeks at RT, beige
adipocytes in the iWAT remain absent, and tissue inflammation triggered by DT-induced cell ablation
in both BAT and iWAT is fully resolved [24,25]. Using this Ucp1*-lineage beige adipocyte ablation
system [25], we attempted to determine specific functions of beige adipocytes by genetic ablating
in the H4-TG mice [24]. We found that beige adipocyte ablation did reverse the reduced adiposity
but did not improve insulin sensitivity in H4-TG mice during initial weeks of HFD (up to 5 weeks).
However, this effect was absent after 10 weeks of HFD, which is consistent with the observation
that multilocular and Ucp1™* beige adipocytes were no longer present in H4-TG after 10 weeks of
HEFD [24]. Of note, recent studies suggest that Ucpl-independent thermogenic mechanisms, such as
creatine-driven substrate cycle and Serca2b-mediated calcium cycle, are present, which may also affect
systemic metabolism [107,108]. Whether Ucp1*-lineage adipocytes, at either active or latent state,
process these compensatory thermogenic mechanisms remains undetermined.

6. Conclusions and Future Perspectives

The list of WAT browning-promoting agents is burgeoning [9,85,109], although whether they
promote beige adipogenesis from progenitors or renaissance and maintenance of Ucp1™*-lineage beige
adipocytes, or both, is unknown. Our novel Ucp1™-lineage adipocyte ablation system can be applied
here to determine the contribution of these Ucp1*-lineage adipocytes in the WAT browning process
that is induced by these agents. As a proof-of-concept, we showed that the WAT browning effect of
CL316,423 is absent in mice after the ablation of Ucp1*-lineage adipocytes [25]. Identifying the targeted
cell types (progenitors, Ucpl* multilocular beige adipocytes or Ucp1l™ unilocular white adipocytes) of
these browning-promoting agents will present the first step to evaluate their mechanism, efficacy, and
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potential side-effect for clinical applications. For example, both cold and Mirabegron (an orally active
33-adrenergic receptor agonist) can induce WAT browning but accelerate atherosclerotic plaque growth
and instability in ApoE and Ldlr knockout mice [110,111]. This beige adipocyte ablation approach will
be able to elucidate whether WAT browning indeed has detrimental effect in atherosclerosis.

The association between WAT browning and metabolic benefits does not necessarily prove the
causality relationship of the two: Whether WAT browning indeed improves systemic metabolism is not
known. In theory, this Ucp1*-lineage adipocyte ablation system will allow us to address this question
by comparing metabolic phenotypes before and after beige adipocyte ablation in mouse models
with persistent WAT browning. Importantly, this approach will not discriminate the thermogenic
(Ucpl-dependent and independent) and non-thermogenic contributions of beige adipocytes to systemic
metabolism. Notably, white adipocytes are much more abundant than active beige adipocytes and
progenitors in WAT, implying that targeting white adipocytes to promote beige adipocyte maintenance
indirectly may represent a more practical therapeutic means to prevent or even treat obesity and
associated metabolic disorders.

Author Contributions: E.P. and B.W., writing.

Funding: This work was supported by National Institutes of Health grants DK105175 (B.W.). E.P. was supported
by a fellowship grant from the Hillblom Foundation.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Spiegelman, B.M.; Flier, ].S. Obesity and the regulation of energy balance. Cell 2001, 104, 531-543. [CrossRef]
Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004,
84,277-359. [CrossRef] [PubMed]

3. Golozoubova, V.; Cannon, B.; Nedergaard, J. UCP1 is essential for adaptive adrenergic nonshivering
thermogenesis. Am. J. Physiol. Endocrinol. Metab. 2006, 291, E350-E357. [CrossRef] [PubMed]

4. Shabalina, I.G.; Petrovic, N.; de Jong, ] M.; Kalinovich, A.V.; Cannon, B.; Nedergaard, J. UCP1 in brite/beige
adipose tissue mitochonderia is functionally thermogenic. Cell Rep. 2013, 5, 1196-1203. [CrossRef]

5. Seale, P; Bjork, B.; Yang, W.; Kajimura, S.; Chin, S.; Kuang, S.; Scime, A.; Devarakonda, S.; Conroe, H.M.;
Erdjument-Bromage, H.; et al. PRDM16 controls a brown fat/skeletal muscle switch. Nature 2008, 454, 961-967.
[CrossRef]

6.  Petrovic, N.; Walden, T.B.; Shabalina, I.G.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Chronic peroxisome
proliferator-activated receptor gamma (PPARgamma) activation of epididymally derived white adipocyte
cultures reveals a population of thermogenically competent, UCP1-containing adipocytes molecularly
distinct from classic brown adipocytes. J. Biol. Chem. 2010, 285, 7153-7164. [CrossRef]

7. Walden, T.B.; Hansen, L.R.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Recruited vs. nonrecruited molecular
signatures of brown, “brite,” and white adipose tissues. Am. . Physiol. Endocrinol. Metab. 2012, 302, E19-E31.
[CrossRef]

8. Seale, P.; Conroe, H.M.; Estall, J.; Kajimura, S.; Frontini, A.; Ishibashi, J.; Cohen, P; Cinti, S.; Spiegelman, B.M.
Prdm16 determines the thermogenic program of subcutaneous white adipose tissue in mice. . Clin. Investig.
2011, 121, 96-105. [CrossRef]

9.  Bartelt, A.; Heeren, J. Adipose tissue browning and metabolic health. Nat. Rev. Endocrinol. 2014, 10, 24-36.
[CrossRef]

10. Wu, J.; Cohen, P; Spiegelman, B.M. Adaptive thermogenesis in adipocytes: Is beige the new brown?
Genes Dev. 2013, 27, 234-250. [CrossRef]

11. Harms, M,; Seale, P. Brown and beige fat: Development, function and therapeutic potential. Nat. Med. 2013,
19, 1252-1263. [CrossRef] [PubMed]

12. Shao, M.; Wang, Q.A.; Song, A.; Vishvanath, L.; Busbuso, N.C.; Scherer, P.E.; Gupta, R K. Cellular origins of
beige fat cells revisited. Diabetes 2019, 68, 1874-1885. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0092-8674(01)00240-9
http://dx.doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715917
http://dx.doi.org/10.1152/ajpendo.00387.2005
http://www.ncbi.nlm.nih.gov/pubmed/16595854
http://dx.doi.org/10.1016/j.celrep.2013.10.044
http://dx.doi.org/10.1038/nature07182
http://dx.doi.org/10.1074/jbc.M109.053942
http://dx.doi.org/10.1152/ajpendo.00249.2011
http://dx.doi.org/10.1172/JCI44271
http://dx.doi.org/10.1038/nrendo.2013.204
http://dx.doi.org/10.1101/gad.211649.112
http://dx.doi.org/10.1038/nm.3361
http://www.ncbi.nlm.nih.gov/pubmed/24100998
http://dx.doi.org/10.2337/db19-0308
http://www.ncbi.nlm.nih.gov/pubmed/31540940

Cells 2019, 8, 1552 110f 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cypess, AM.; Lehman, S.; Williams, G.; Tal, L; Rodman, D.; Goldfine, A.B.; Kuo, EC.; Palmer, E.L.; Tseng, YH.;
Doria, A; et al. Identification and importance of brown adipose tissue in adult humans. New Engl. ]. Med.
2009, 360, 1509-1517. [CrossRef] [PubMed]

van Marken Lichtenbelt, W.D.; Vanhommerig, ].W.; Smulders, N.M.; Drossaerts, ].M.; Kemerink, G.J.;
Bouvy, N.D.; Schrauwen, P,; Teule, G.]J. Cold-activated brown adipose tissue in healthy men. New Engl. ].
Med. 2009, 360, 1500-1508. [CrossRef] [PubMed]

Virtanen, K.A.; Lidell, M.E.; Orava, J.; Heglind, M.; Westergren, R.; Niemi, T.; Taittonen, M.; Laine, J.;
Savisto, N.J.; Enerback, S.; et al. Functional brown adipose tissue in healthy adults. New Engl. ]. Med. 2009,
360, 1518-1525. [CrossRef] [PubMed]

Saito, M.; Okamatsu-Ogura, Y.; Matsushita, M.; Watanabe, K.; Yoneshiro, T.; Nio-Kobayashi, ].; Iwanaga, T.;
Miyagawa, M.; Kameya, T.; Nakada, K.; et al. High incidence of metabolically active brown adipose tissue in
healthy adult humans: Effects of cold exposure and adiposity. Diabetes 2009, 58, 1526-1531. [CrossRef]
Cypess, A.M.; White, A.P,; Vernochet, C.; Schulz, T.].; Xue, R.; Sass, C.A.; Huang, T.L.; Roberts-Toler, C.;
Weiner, L.S.; Sze, C.; et al. Anatomical localization, gene expression profiling and functional characterization
of adult human neck brown fat. Nat. Med. 2013, 19, 635-639. [CrossRef]

Lidell, M.E.; Betz, M.].; Dahlqvist Leinhard, O.; Heglind, M.; Elander, L.; Slawik, M.; Mussack, T.; Nilsson, D.;
Romu, T.; Nuutila, P; et al. Evidence for two types of brown adipose tissue in humans. Nat. Med. 2013, 19,
631-634. [CrossRef]

Jespersen, N.Z.; Larsen, T.].; Peijs, L.; Daugaard, S.; Homoe, P; Loft, A.; de Jong, J.; Mathur, N.; Cannon, B.;
Nedergaard, J.; et al. A classical brown adipose tissue mRNA signature partly overlaps with brite in the
supraclavicular region of adult humans. Cell Metab. 2013, 17, 798-805. [CrossRef]

Sharp, L.Z.; Shinoda, K.; Ohno, H.; Scheel, D.W.; Tomoda, E.; Ruiz, L.; Hu, H.; Wang, L.; Pavlova, Z,; Gilsanz, V.; et al.
Human BAT possesses molecular signatures that resemble beige/brite cells. PLoS ONE 2012, 7, e49452. [CrossRef]
Paulo, E.; Wu, D.; Wang, Y.; Zhang, Y.; Wu, Y.; Swaney, D.L.; Soucheray, M.; Jimenez-Morales, D.; Chawla, A;
Krogan, N.J.; et al. Sympathetic inputs regulate adaptive thermogenesis in brown adipose tissue through
cAMP-Salt inducible kinase axis. Sci. Rep. 2018, 8, 11001. [CrossRef] [PubMed]

Chi, J.; Wu, Z.; Choi, C.H.J.; Nguyen, L.; Tegegne, S.; Ackerman, S.E.; Crane, A.; Marchildon, F; Tessier-Lavigne, M.;
Cohen, P. Three-dimensional adipose tissue imaging reveals regional variation in beige fat biogenesis and
PRDM16-dependent sympathetic neurite density. Cell Metab. 2018, 27, 226-236. [CrossRef] [PubMed]

Jiang, H.; Ding, X.; Cao, Y.; Wang, H.; Zeng, W. Dense intra-adipose sympathetic arborizations are essential
for cold-induced beiging of mouse white adipose tissue. Cell Metab. 2017, 26, 686—692. [CrossRef] [PubMed]
Paulo, E.; Wu, D.; Hecker, P.A.; Zhang, Y.; Wang, B. Adipocyte HDAC4 activation leads to beige adipocyte
expansion and reduced adiposity. J. Endocrinol. 2018, 239, 153-165. [CrossRef]

Wang, Y.; Paulo, E.; Wu, D.; Wu, Y.; Huang, W.; Chawla, A.; Wang, B. Adipocyte liver kinase b1l suppresses
beige adipocyte renaissance through class Ila histone deacetylase 4. Diabetes 2017, 66, 2952-2963. [CrossRef]
Young, P.; Arch, J.R.; Ashwell, M. Brown adipose tissue in the parametrial fat pad of the mouse. FEBS Lett.
1984, 167, 10-14. [CrossRef]

Cinti, S. Adipocyte differentiation and transdifferentiation: Plasticity of the adipose organ. J. Endocrinol.
Investig. 2002, 25, 823-835. [CrossRef]

Cousin, B.; Cinti, S.; Morroni, M.; Raimbault, S.; Ricquier, D.; Penicaud, L.; Casteilla, L. Occurrence of brown
adipocytes in rat white adipose tissue: Molecular and morphological characterization. J. Cell Sci. 1992, 103, 931-942.
Himms-Hagen, J.; Melnyk, A.; Zingaretti, M.C.; Ceresi, E.; Barbatelli, G.; Cinti, S. Multilocular fat cells in
WAT of CL-316243-treated rats derive directly from white adipocytes. Am. . Physiol. Cell Physiol. 2000, 279,
C670-C681. [CrossRef]

Barbatelli, G.; Murano, I.; Madsen, L.; Hao, Q.; Jimenez, M.; Kristiansen, K.; Giacobino, J.P.; De Matteis, R.;
Cinti, S. The emergence of cold-induced brown adipocytes in mouse white fat depots is determined
predominantly by white to brown adipocyte transdifferentiation. Am. J. Physiol. Endocrinol. Metab. 2010, 298,
E1244-E1253. [CrossRef]

Frontini, A.; Vitali, A.; Perugini, ].; Murano, I.; Romiti, C.; Ricquier, D.; Guerrieri, M.; Cinti, S. White-to-brown
transdifferentiation of omental adipocytes in patients affected by pheochromocytoma. Biochim. Et Biophys.
Acta 2013, 1831, 950-959. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa0810780
http://www.ncbi.nlm.nih.gov/pubmed/19357406
http://dx.doi.org/10.1056/NEJMoa0808718
http://www.ncbi.nlm.nih.gov/pubmed/19357405
http://dx.doi.org/10.1056/NEJMoa0808949
http://www.ncbi.nlm.nih.gov/pubmed/19357407
http://dx.doi.org/10.2337/db09-0530
http://dx.doi.org/10.1038/nm.3112
http://dx.doi.org/10.1038/nm.3017
http://dx.doi.org/10.1016/j.cmet.2013.04.011
http://dx.doi.org/10.1371/journal.pone.0049452
http://dx.doi.org/10.1038/s41598-018-29333-6
http://www.ncbi.nlm.nih.gov/pubmed/30030465
http://dx.doi.org/10.1016/j.cmet.2017.12.011
http://www.ncbi.nlm.nih.gov/pubmed/29320703
http://dx.doi.org/10.1016/j.cmet.2017.08.016
http://www.ncbi.nlm.nih.gov/pubmed/28918935
http://dx.doi.org/10.1530/JOE-18-0173
http://dx.doi.org/10.2337/db17-0296
http://dx.doi.org/10.1016/0014-5793(84)80822-4
http://dx.doi.org/10.1007/BF03344046
http://dx.doi.org/10.1152/ajpcell.2000.279.3.C670
http://dx.doi.org/10.1152/ajpendo.00600.2009
http://dx.doi.org/10.1016/j.bbalip.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23454374

Cells 2019, 8, 1552 12 0of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wu, J; Bostrom, P; Sparks, L.M.; Ye, L.; Choi, ].H.; Giang, A.H.; Khandekar, M.; Virtanen, K.A.; Nuutila, P;
Schaart, G.; et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 2012,
150, 366-376. [CrossRef] [PubMed]

Lee, Y.H.; Petkova, A.P.; Granneman, ].G. Identification of an adipogenic niche for adipose tissue remodeling
and restoration. Cell Metab. 2013, 18, 355-367. [CrossRef] [PubMed]

Long, J.Z.; Svensson, K.J.; Tsai, L.; Zeng, X.; Roh, H.C.; Kong, X.; Rao, R.R,; Lou, J.; Lokurkar, I.; Baur, W.;
et al. A smooth muscle-like origin for beige adipocytes. Cell Metab. 2014, 19, 810-820. [CrossRef] [PubMed]
Berry, D.C,; Jiang, Y.; Graff, ].M. Mouse strains to study cold-inducible beige progenitors and beige adipocyte
formation and function. Nat. Commun. 2016, 7, 10184. [CrossRef]

Vishvanath, L.; MacPherson, K.A.; Hepler, C.; Wang, Q.A.; Shao, M.; Spurgin, S.B.; Wang, M.Y.; Kusminski, C.M.;
Morley, T.S.; Gupta, R K. Pdgfr3+ mural preadipocytes contribute to adipocyte hyperplasia induced by high-fat-diet
feeding and prolonged cold exposure in adult mice. Cell Metab. 2015, 23, 350-359. [CrossRef] [PubMed]

Chen, Y.; Ikeda, K.; Yoneshiro, T.; Scaramozza, A.; Tajima, K.; Wang, Q.; Kim, K.; Shinoda, K.; Sponton, C.H.;
Brown, Z.; et al. Thermal stress induces glycolytic beige fat formation via a myogenic state. Nature 2019, 565,
180-185. [CrossRef]

Jiang, Y.; Berry, D.C.; Graff, ] M. Distinct cellular and molecular mechanisms for beta3 adrenergic
receptor-induced beige adipocyte formation. eLife 2017, 6. [CrossRef]

Villarroya, F; Cereijo, R.; Villarroya, J.; Gavalda-Navarro, A.; Giralt, M. Toward an understanding of how
immune cells control brown and beige adipobiology. Cell Metab. 2018, 27, 954-961. [CrossRef]

Fabbiano, S.; Suarez-Zamorano, N.; Rigo, D.; Veyrat-Durebex, C.; Stevanovic Dokic, A.; Colin, D.J.;
Trajkovski, M. Caloric restriction leads to browning of white adipose tissue through type 2 immune signaling.
Cell Metab. 2016, 24, 434-446. [CrossRef]

Li, G.; Xie, C.; Lu, S.; Nichols, R.G.; Tian, Y.; Li, L.; Patel, D.; Ma, Y.; Brocker, C.N.; Yan, T.; et al. Intermittent
fasting promotes white adipose browning and decreases obesity by shaping the gut microbiota. Cell Metab.
2017, 26, 672—685. [CrossRef] [PubMed]

Suarez-Zamorano, N.; Fabbiano, S.; Chevalier, C.; Stojanovic, O.; Colin, D.J.; Stevanovic, A.; Veyrat-Durebex, C.;
Tarallo, V.; Rigo, D.; Germain, S.; et al. Microbiota depletion promotes browning of white adipose tissue and
reduces obesity. Nat. Med. 2015, 21, 1497-1501. [CrossRef] [PubMed]

Patsouris, D.; Qi, P.; Abdullahi, A.; Stanojcic, M.; Chen, P; Parousis, A.; Amini-Nik, S.; Jeschke, M.G.
Burn induces browning of the subcutaneous white adipose tissue in mice and humans. Cell Rep. 2015, 13,
1538-1544. [CrossRef] [PubMed]

Sidossis, L.S.; Porter, C.; Saraf, M.K.; Borsheim, E.; Radhakrishnan, R.S.; Chao, T.; Ali, A.; Chondronikola, M.;
Mlcak, R.; Finnerty, C.C.; et al. Browning of subcutaneous white adipose tissue in humans after severe
adrenergic stress. Cell Metab. 2015, 22, 219-227. [CrossRef] [PubMed]

Bostrom, P.; Wu, J.; Jedrychowski, M.P.; Korde, A; Ye, L.; Lo, J.C.; Rasbach, K.A.; Bostrom, E.A.; Choi, ] H.;
Long, J.Z.; et al. A PGCl-alpha-dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature 2012, 481, 463-468. [CrossRef]

Lehnig, A.C.; Stanford, K.I. Exercise-induced adaptations to white and brown adipose tissue. J. Exp. Biol.
2018, 221, jeb161570. [CrossRef]

Wu, M.V,; Bikopoulos, G.; Hung, S.; Ceddia, R.B. Thermogenic capacity is antagonistically regulated in
classical brown and white subcutaneous fat depots by high fat diet and endurance training in rats: Impact
on whole-body energy expenditure. J. Biol. Chem. 2014, 289, 34129-34140. [CrossRef]

Kir, S.; White, ].P; Kleiner, S.; Kazak, L.; Cohen, P; Baracos, V.E.; Spiegelman, B.M. Tumour-derived PTH-related
protein triggers adipose tissue browning and cancer cachexia. Nature 2014, 513, 100-104. [CrossRef]
Petruzzelli, M.; Schweiger, M.; Schreiber, R.; Campos-Olivas, R.; Tsoli, M.; Allen, J.; Swarbrick, M.;
Rose-John, S.; Rincon, M.; Robertson, G.; et al. A switch from white to brown fat increases energy expenditure
in cancer-associated cachexia. Cell Metab. 2014, 20, 433—447. [CrossRef]

Elattar, S.; Dimri, M.; Satyanarayana, A. The tumor secretory factor ZAG promotes white adipose tissue
browning and energy wasting. FASEB J. 2018, 32, 4727-4743. [CrossRef]

Kir, S.; Komaba, H.; Garcia, A.P.; Economopoulos, K.P; Liu, W.; Lanske, B.; Hodin, R.A.; Spiegelman, B.M.
PTH/PTHTrP receptor mediates cachexia in models of kidney failure and cancer. Cell Metab. 2016, 23, 315-323.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22796012
http://dx.doi.org/10.1016/j.cmet.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24011071
http://dx.doi.org/10.1016/j.cmet.2014.03.025
http://www.ncbi.nlm.nih.gov/pubmed/24709624
http://dx.doi.org/10.1038/ncomms10184
http://dx.doi.org/10.1016/j.cmet.2015.10.018
http://www.ncbi.nlm.nih.gov/pubmed/26626462
http://dx.doi.org/10.1038/s41586-018-0801-z
http://dx.doi.org/10.7554/eLife.30329
http://dx.doi.org/10.1016/j.cmet.2018.04.006
http://dx.doi.org/10.1016/j.cmet.2016.07.023
http://dx.doi.org/10.1016/j.cmet.2017.08.019
http://www.ncbi.nlm.nih.gov/pubmed/28918936
http://dx.doi.org/10.1038/nm.3994
http://www.ncbi.nlm.nih.gov/pubmed/26569380
http://dx.doi.org/10.1016/j.celrep.2015.10.028
http://www.ncbi.nlm.nih.gov/pubmed/26586436
http://dx.doi.org/10.1016/j.cmet.2015.06.022
http://www.ncbi.nlm.nih.gov/pubmed/26244931
http://dx.doi.org/10.1038/nature10777
http://dx.doi.org/10.1242/jeb.161570
http://dx.doi.org/10.1074/jbc.M114.591008
http://dx.doi.org/10.1038/nature13528
http://dx.doi.org/10.1016/j.cmet.2014.06.011
http://dx.doi.org/10.1096/fj.201701465RR
http://dx.doi.org/10.1016/j.cmet.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26669699

Cells 2019, 8, 1552 13 of 16

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gouon-Evans, V.; Pollard, ].W. Unexpected deposition of brown fat in mammary gland during postnatal
development. Mol. Endocrinol. 2002, 16, 2618-2627. [CrossRef] [PubMed]

Li, L.; Li, B.; Li, M.; Niu, C.; Wang, G.; Li, T.; Krol, E.; Jin, W.; Speakman, J.R. Brown adipocytes can display a
mammary basal myoepithelial cell phenotype in vivo. Mol. Metab. 2017, 6, 1198-1211. [CrossRef] [PubMed]
Bordicchia, M.; Liu, D.; Amri, E.Z.; Ailhaud, G.; Dessi-Fulgheri, P.; Zhang, C.; Takahashi, N.; Sarzani, R.;
Collins, S. Cardiac natriuretic peptides act via p38 MAPK to induce the brown fat thermogenic program in
mouse and human adipocytes. J. Clin. Investig. 2012, 122, 1022-1036. [CrossRef] [PubMed]

Fisher, EM.; Kleiner, S.; Douris, N.; Fox, E.C.; Mepani, R.]J.; Verdeguer, F.; Wu, ].; Kharitonenkov, A.; Flier, ].S.;
Maratos-Flier, E.; et al. FGF21 regulates PGC-1alpha and browning of white adipose tissues in adaptive
thermogenesis. Genes Dev. 2012, 26, 271-281. [CrossRef]

Rao, RR; Long, ]J.Z.; White, J.P.; Svensson, K.J.; Lou, ]J.; Lokurkar, I.; Jedrychowski, M.P,; Ruas, J.L.;
Wrann, C.D.; Lo, ].C.; et al. Meteorin-like is a hormone that regulates immune-adipose interactions to
increase beige fat thermogenesis. Cell 2014, 157, 1279-1291. [CrossRef]

Svensson, K.J.; Long, ].Z.; Jedrychowski, M.P.; Cohen, P; Lo, ].C.; Serag, S.; Kir, S.; Shinoda, K.; Tartaglia, ].A.;
Rao, R.R;; et al. A secreted Slit2 fragment regulates adipose tissue thermogenesis and metabolic function.
Cell Metab. 2016, 23, 454-466. [CrossRef]

Yu, H.; Dilbaz, S.; Cossmann, J.; Hoang, A.C.; Diedrich, V.; Herwig, A.; Harauma, A.; Hoshi, Y.; Moriguchi, T.;
Landgraf, K.; et al. Breast milk alkylglycerols sustain beige adipocytes through adipose tissue macrophages.
J. Clin. Investig. 2019, 129, 2485-2499. [CrossRef]

Carriere, A.; Jeanson, Y.; Berger-Muller, S.; Andre, M.; Chenouard, V.; Arnaud, E.; Barreau, C.; Walther, R;;
Galinier, A.; Wdziekonski, B.; et al. Browning of white adipose cells by intermediate metabolites: An adaptive
mechanism to alleviate redox pressure. Diabetes 2014, 63, 3253-3265. [CrossRef]

Mills, E.L.; Pierce, K.A.; Jedrychowski, M.P.; Garrity, R.; Winther, S.; Vidoni, S.; Yoneshiro, T.; Spinelli, ].B.;
Lu, G.Z,; Kazak, L.; et al. Accumulation of succinate controls activation of adipose tissue thermogenesis.
Nature 2018, 560, 102-106. [CrossRef]

Velazquez-Villegas, L.A.; Perino, A.; Lemos, V.; Zietak, M.; Nomura, M.; Pols, TW.H.; Schoonjans, K. TGR5
signalling promotes mitochondrial fission and beige remodelling of white adipose tissue. Nat. Commun.
2018, 9, 245. [CrossRef] [PubMed]

Johann, K.; Cremer, A.L.; Fischer, A.W.; Heine, M.; Pensado, E.R.; Resch, J.; Nock, S.; Virtue, S.; Harder, L.;
Oelkrug, R.; et al. Thyroid-hormone-induced browning of white adipose tissue does not contribute to
thermogenesis and glucose consumption. Cell Rep. 2019, 27, 3385-3400. [CrossRef] [PubMed]

Abdullahi, A.; Chen, P; Stanojcic, M.; Sadri, A.R.; Coburn, N.; Jeschke, M.G. IL-6 signal from the bone marrow is
required for the browning of white adipose tissue post burn injury. Shock 2017, 47, 33-39. [CrossRef] [PubMed]
Vitali, A.; Murano, I.; Zingaretti, M.C.; Frontini, A.; Ricquier, D.; Cinti, S. The adipose organ of obesity-prone
C57BL/6] mice is composed of mixed white and brown adipocytes. J. Lipid Res. 2012, 53, 619-629. [CrossRef]
[PubMed]

Chan, M,; Lim, Y.C,; Yang, J.; Namwanje, M.; Liu, L.; Qiang, L. Identification of a natural beige adipose depot
in mice. J. Biol. Chem. 2019, 294, 6751-6761. [CrossRef]

Rosenwald, M.; Perdikari, A.; Rulicke, T.; Wolfrum, C. Bi-directional interconversion of brite and white
adipocytes. Nat. Cell Biol. 2013, 15, 659-667. [CrossRef]

Kozak, L.P. The genetics of brown adipocyte induction in white fat depots. Front. Endocrinol. 2011, 2, 64. [CrossRef]
Contreras, G.A.; Lee, Y.H.; Mottillo, E.P.; Granneman, J.G. Inducible brown adipocytes in subcutaneous
inguinal white fat: The role of continuous sympathetic stimulation. Am. J. Physiol. Endocrinol. Metab. 2014,
307, E793-E799. [CrossRef]

Lee, YH.; Petkova, A.P; Konkar, A.A.; Granneman, J.G. Cellular origins of cold-induced brown adipocytes
in adult mice. FASEB J. 2015, 29, 286-299. [CrossRef]

Chabowska-Kita, A.; Trabczynska, A.; Korytko, A.; Kaczmarek, M.M.; Kozak, L.P. Low ambient temperature
during early postnatal development fails to cause a permanent induction of brown adipocytes. FASEB J.
2015, 29, 3238-3252. [CrossRef]

Buch, T.; Heppner, EL.; Tertilt, C.; Heinen, T.J.; Kremer, M.; Wunderlich, FT.; Jung, S.; Waisman, A.
A Cre-inducible diphtheria toxin receptor mediates cell lineage ablation after toxin administration.
Nat. Methods 2005, 2, 419-426. [CrossRef] [PubMed]


http://dx.doi.org/10.1210/me.2001-0337
http://www.ncbi.nlm.nih.gov/pubmed/12403850
http://dx.doi.org/10.1016/j.molmet.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/29031720
http://dx.doi.org/10.1172/JCI59701
http://www.ncbi.nlm.nih.gov/pubmed/22307324
http://dx.doi.org/10.1101/gad.177857.111
http://dx.doi.org/10.1016/j.cell.2014.03.065
http://dx.doi.org/10.1016/j.cmet.2016.01.008
http://dx.doi.org/10.1172/JCI125646
http://dx.doi.org/10.2337/db13-1885
http://dx.doi.org/10.1038/s41586-018-0353-2
http://dx.doi.org/10.1038/s41467-017-02068-0
http://www.ncbi.nlm.nih.gov/pubmed/29339725
http://dx.doi.org/10.1016/j.celrep.2019.05.054
http://www.ncbi.nlm.nih.gov/pubmed/31189119
http://dx.doi.org/10.1097/SHK.0000000000000749
http://www.ncbi.nlm.nih.gov/pubmed/27648696
http://dx.doi.org/10.1194/jlr.M018846
http://www.ncbi.nlm.nih.gov/pubmed/22271685
http://dx.doi.org/10.1074/jbc.RA118.006838
http://dx.doi.org/10.1038/ncb2740
http://dx.doi.org/10.3389/fendo.2011.00064
http://dx.doi.org/10.1152/ajpendo.00033.2014
http://dx.doi.org/10.1096/fj.14-263038
http://dx.doi.org/10.1096/fj.15-271395
http://dx.doi.org/10.1038/nmeth762
http://www.ncbi.nlm.nih.gov/pubmed/15908920

Cells 2019, 8, 1552 14 of 16

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Wang, Q.A.; Tao, C.; Gupta, R K.; Scherer, P.E. Tracking adipogenesis during white adipose tissue development,
expansion and regeneration. Nat. Med. 2013, 19, 1338-1344. [CrossRef] [PubMed]

Roh, H.C,; Tsai, L.T.Y.; Shao, M.; Tenen, D.; Shen, Y.; Kumari, M.; Lyubetskaya, A.; Jacobs, C.; Dawes, B.;
Gupta, RK,; et al. Warming induces significant reprogramming of beige, but not brown, adipocyte cellular
identity. Cell Metab. 2018, 27, 1121-1137. [CrossRef] [PubMed]

Jeffery, E.; Berry, R.; Church, C.D.; Yu, S.; Shook, B.A.; Horsley, V.; Rosen, E.D.; Rodeheffer, M.S. Characterization
of Cre recombinase models for the study of adipose tissue. Adipocyte 2014, 3, 206-211. [CrossRef]

Berry, R.; Rodeheffer, M.S. Characterization of the adipocyte cellular lineage in vivo. Nat. Cell Biol. 2013, 15,
302-308. [CrossRef]

Lee, K.Y.; Russell, S.J.; Ussar, S.; Boucher, J.; Vernochet, C.; Mori, M.A.; Smyth, G.; Rourk, M.; Cederquist, C.;
Rosen, E.D.; et al. Lessons on conditional gene targeting in mouse adipose tissue. Diabetes 2013, 62, 864-874.
[CrossRef]

Masand, R.; Paulo, E.; Wu, D.; Wang, Y.; Swaney, D.L.; Jimenez-Morales, D.; Krogan, N.J.; Wang, B. Proteome
imbalance of mitochondrial electron transport chain in brown adipocytes leads to metabolic benefits.
Cell Metab. 2018, 27, 616—629. [CrossRef]

Sanchez-Gurmaches, J.; Hsiao, W.Y.; Guertin, D.A. Highly selective in vivo labeling of subcutaneous white
adipocyte precursors with Prx1-Cre. Stem Cell Rep. 2015, 4, 541-550. [CrossRef]

Altshuler-Keylin, S.; Shinoda, K.; Hasegawa, Y.; Ikeda, K.; Hong, H.; Kang, Q.; Yang, Y.; Perera, RM.;
Debnath, J.; Kajimura, S. Beige adipocyte maintenance is regulated by autophagy-induced mitochondrial
clearance. Cell Metab. 2016, 24, 402—419. [CrossRef]

Duteil, D.; Tosic, M.; Willmann, D.; Georgiadi, A.; Kanouni, T.; Schule, R. Lsd1 prevents age-programed loss
of beige adipocytes. Proc. Natl. Acad. Sci. 2017, 114, 5265-5270. [CrossRef]

Shao, M.; Ishibashi, J.; Kusminski, C.M.; Wang, Q.A.; Hepler, C.; Vishvanath, L.; MacPherson, K.A;
Spurgin, S.B.; Sun, K.; Holland, W.L.; et al. Zfp423 maintains white adipocyte identity through suppression
of the beige cell thermogenic gene program. Cell Metab. 2016, 23, 1167-1184. [CrossRef] [PubMed]

Cohen, P; Levy, ].D.; Zhang, Y.; Frontini, A.; Kolodin, D.P; Svensson, K.J.; Lo, J.C.; Zeng, X.; Ye, L.; Khandekar, M.].;
et al. Ablation of PRDM16 and beige adipose causes metabolic dysfunction and a subcutaneous to visceral fat
switch. Cell 2014, 156, 304-316. [CrossRef]

Wang, B.; Goode, J.; Best, J.; Meltzer, J.; Schilman, P.E.; Chen, ].; Garza, D.; Thomas, ].B.; Montminy, M. The
insulin-regulated CREB coactivator TORC promotes stress resistance in Drosophila. Cell Metab. 2008, 7,
434-444. [CrossRef] [PubMed]

Wang, B.; Moya, N.; Niessen, S.; Hoover, H.; Mihaylova, M.M.; Shaw, R.J.; Yates, ].R., 3rd; Fischer, WH.;
Thomas, J.B.; Montminy, M. A hormone-dependent module regulating energy balance. Cell 2011, 145,
596-606. [CrossRef] [PubMed]

Nedergaard, J.; Cannon, B. The browning of white adipose tissue: Some burning issues. Cell Metab. 2014, 20,
396-407. [CrossRef]

Kajimura, S.; Spiegelman, B.M.; Seale, P. Brown and beige fat: Physiological roles beyond heat generation.
Cell Metab. 2015, 22, 546-559. [CrossRef]

Lizcano, F. The beige adipocyte as a therapy for metabolic diseases. Int. J. Mol. Sci. 2019, 20, 5058. [CrossRef]
Pearson, S.; Loft, A.; Rajbhandari, P.; Simcox, ]J.; Lee, S.; Tontonoz, P.; Mandrup, S.; Villanueva, C.J. Loss of
TLE3 promotes the mitochondrial program in beige adipocytes and improves glucose metabolism. Genes
Dev. 2019, 33, 747-762. [CrossRef]

Kumari, M.; Wang, X.; Lantier, L.; Lyubetskaya, A.; Eguchi, J.; Kang, S.; Tenen, D.; Roh, H.C.; Kong, X;
Kazak, L.; et al. IRF3 promotes adipose inflammation and insulin resistance and represses browning. J. Clin.
Investig. 2016, 126, 2839-2854. [CrossRef]

Stine, R.R.; Shapira, S.N.; Lim, H.W.; Ishibashi, J.; Harms, M.; Won, K.J.; Seale, P. EBF2 promotes the
recruitment of beige adipocytes in white adipose tissue. Mol. Metab. 2016, 5, 57-65. [CrossRef]

Sambeat, A.; Gulyaeva, O.; Dempersmier, J.; Tharp, KM.; Stahl, A.; Paul, S.M.; Sul, H.S. LSD1 interacts with
Zfp516 to promote UCP1 transcription and brown fat program. Cell Rep. 2016, 15, 2536-2549. [CrossRef] [PubMed]
Zeng, X.; Jedrychowski, M.P.; Chen, Y.; Serag, S.; Lavery, G.G.; Gygi, S.P; Spiegelman, B.M. Lysine-specific
demethylase 1 promotes brown adipose tissue thermogenesis via repressing glucocorticoid activation.
Genes Dev. 2016, 30, 1822-1836. [CrossRef]


http://dx.doi.org/10.1038/nm.3324
http://www.ncbi.nlm.nih.gov/pubmed/23995282
http://dx.doi.org/10.1016/j.cmet.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29657031
http://dx.doi.org/10.4161/adip.29674
http://dx.doi.org/10.1038/ncb2696
http://dx.doi.org/10.2337/db12-1089
http://dx.doi.org/10.1016/j.cmet.2018.01.018
http://dx.doi.org/10.1016/j.stemcr.2015.02.008
http://dx.doi.org/10.1016/j.cmet.2016.08.002
http://dx.doi.org/10.1073/pnas.1702641114
http://dx.doi.org/10.1016/j.cmet.2016.04.023
http://www.ncbi.nlm.nih.gov/pubmed/27238639
http://dx.doi.org/10.1016/j.cell.2013.12.021
http://dx.doi.org/10.1016/j.cmet.2008.02.010
http://www.ncbi.nlm.nih.gov/pubmed/18460334
http://dx.doi.org/10.1016/j.cell.2011.04.013
http://www.ncbi.nlm.nih.gov/pubmed/21565616
http://dx.doi.org/10.1016/j.cmet.2014.07.005
http://dx.doi.org/10.1016/j.cmet.2015.09.007
http://dx.doi.org/10.3390/ijms20205058
http://dx.doi.org/10.1101/gad.321059.118
http://dx.doi.org/10.1172/JCI86080
http://dx.doi.org/10.1016/j.molmet.2015.11.001
http://dx.doi.org/10.1016/j.celrep.2016.05.019
http://www.ncbi.nlm.nih.gov/pubmed/27264172
http://dx.doi.org/10.1101/gad.285312.116

Cells 2019, 8, 1552 150f 16

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Duteil, D.; Metzger, E.; Willmann, D.; Karagianni, P.; Friedrichs, N.; Greschik, H.; Gunther, T.; Buettner, R.;
Talianidis, I.; Metzger, D.; et al. LSD1 promotes oxidative metabolism of white adipose tissue. Nat. Commun.
2014, 5, 4093. [CrossRef] [PubMed]

Dempersmier, J.; Sambeat, A.; Gulyaeva, O.; Paul, S.M.; Hudak, C.S.; Raposo, H.F,; Kwan, H.Y.; Kang, C.;
Wong, R.H.; Sul, H.S. Cold-inducible Zfp516 activates UCP1 transcription to promote browning of white fat
and development of brown fat. Mol. Cell 2015, 57, 235-246. [CrossRef]

Emmett, M.].; Lim, HW.; Jager, J.; Richter, H.].; Adlanmerini, M.; Peed, L.C.; Briggs, E.R.; Steger, D.].; Ma, T.;
Sims, C.A; et al. Histone deacetylase 3 prepares brown adipose tissue for acute thermogenic challenge.
Nature 2017, 546, 544-548. [CrossRef]

Ferrari, A.; Longo, R.; Fiorino, E.; Silva, R.; Mitro, N.; Cermenati, G.; Gilardi, F.; Desvergne, B.; Andolfo, A.;
Magagnotti, C.; et al. HDAC3 is a molecular brake of the metabolic switch supporting white adipose tissue
browning. Nat. Commun. 2017, 8, 93. [CrossRef]

Liu, D.; Bordicchia, M.; Zhang, C.; Fang, H.; Wei, W.; Li, ].L.; Guilherme, A.; Guntur, K.; Czech, M.P; Collins, S.
Activation of mTORC1 is essential for beta-adrenergic stimulation of adipose browning. J. Clin. Investig.
2016, 126, 1704-1716. [CrossRef]

Lee, PL,; Tang, Y.; Li, H.; Guertin, D.A. Raptor/mTORCI1 loss in adipocytes causes progressive lipodystrophy
and fatty liver disease. Mol. Metab. 2016, 5, 422-432. [CrossRef]

Zhang, X.; Luo, Y,; Wang, C.; Ding, X.; Yang, X.; Wu, D.; Silva, F;; Yang, Z.; Zhou, Q.; Wang, L.; et al. Adipose
mTORC1 suppresses prostaglandin signaling and beige adipogenesis via the CRTC2-COX-2 pathway:.
Cell Rep. 2018, 24, 3180-3193. [CrossRef]

Meng, W.; Liang, X.; Chen, H.; Luo, H.; Bai, J.; Li, G.; Zhang, Q.; Xiao, T.; He, S.; Zhang, Y.; et al. Rheb
inhibits beiging of white adipose tissue via PDE4D5-dependent downregulation of the cAMP-PKA signaling
pathway. Diabetes 2017, 66, 1198-1213. [CrossRef]

Lv,Y,; Zhang, S.Y,; Liang, X.; Zhang, H.; Xu, Z.; Liu, B.; Xu, M.].; Jiang, C.; Shang, ].; Wang, X. Adrenomedullin
2 enhances beiging in white adipose tissue directly in an adipocyte-autonomous manner and indirectly
through activation of M2 macrophages. J. Biol. Chem. 2016, 291, 23390-23402. [CrossRef]

Kusminski, C.M.; Park, J.; Scherer, P.E. MitoNEET-mediated effects on browning of white adipose tissue.
Nat. Commun. 2014, 5, 3962. [CrossRef] [PubMed]

Pellegrinelli, V.; Peirce, V.J.; Howard, L.; Virtue, S.; Turei, D.; Senzacqua, M.; Frontini, A.; Dalley, ] W.;
Horton, A.R.; Bidault, G.; et al. Adipocyte-secreted BMP8b mediates adrenergic-induced remodeling of the
neuro-vascular network in adipose tissue. Nat. Commun. 2018, 9, 4974. [CrossRef]

Cannon, B.; Nedergaard, J. Nonshivering thermogenesis and its adequate measurement in metabolic studies.
J. Exp. Biol. 2011, 214, 242-253. [CrossRef]

Lee, J.; Choi, J.; Aja, S.; Scafidi, S.; Wolfgang, M.]. Loss of adipose fatty acid oxidation does not potentiate
obesity at thermoneutrality. Cell Rep. 2016, 14, 1308-1316. [CrossRef]

Lee, J.; Ellis, ].M.; Wolfgang, M.J. Adipose fatty acid oxidation is required for thermogenesis and potentiates
oxidative stress-induced inflammation. Cell Rep. 2015, 10, 266-279. [CrossRef]

Ikeda, K.; Kang, Q.; Yoneshiro, T.; Camporez, ].P.; Maki, H.; Homma, M.; Shinoda, K.; Chen, Y.; Lu, X,;
Maretich, P; et al. UCP1-independent signaling involving SERCA2b-mediated calcium cycling regulates
beige fat thermogenesis and systemic glucose homeostasis. Nat. Med. 2017, 23, 1454-1465. [CrossRef]
Kazak, L.; Chouchani, E.T.; Jedrychowski, M.P.; Erickson, B.K.; Shinoda, K.; Cohen, P.; Vetrivelan, R.; Lu, G.Z,;
Laznik-Bogoslavski, D.; Hasenfuss, S.C.; et al. A creatine-driven substrate cycle enhances energy expenditure
and thermogenesis in beige fat. Cell 2015, 163, 643-655. [CrossRef]

Kaisanlahti, A.; Glumoff, T. Browning of white fat: Agents and implications for beige adipose tissue to type
2 diabetes. J. Physiol. Biochem. 2019, 75, 1-10. [CrossRef]


http://dx.doi.org/10.1038/ncomms5093
http://www.ncbi.nlm.nih.gov/pubmed/24912735
http://dx.doi.org/10.1016/j.molcel.2014.12.005
http://dx.doi.org/10.1038/nature22819
http://dx.doi.org/10.1038/s41467-017-00182-7
http://dx.doi.org/10.1172/JCI83532
http://dx.doi.org/10.1016/j.molmet.2016.04.001
http://dx.doi.org/10.1016/j.celrep.2018.08.055
http://dx.doi.org/10.2337/db16-0886
http://dx.doi.org/10.1074/jbc.M116.735563
http://dx.doi.org/10.1038/ncomms4962
http://www.ncbi.nlm.nih.gov/pubmed/24865177
http://dx.doi.org/10.1038/s41467-018-07453-x
http://dx.doi.org/10.1242/jeb.050989
http://dx.doi.org/10.1016/j.celrep.2016.01.029
http://dx.doi.org/10.1016/j.celrep.2014.12.023
http://dx.doi.org/10.1038/nm.4429
http://dx.doi.org/10.1016/j.cell.2015.09.035
http://dx.doi.org/10.1007/s13105-018-0658-5

Cells 2019, 8, 1552 16 of 16

110. Sui, W,; Li, H.; Yang, Y.; Jing, X.; Xue, F; Cheng, ].; Dong, M.; Zhang, M.; Pan, H.; Chen, Y,; et al. Bladder
drug mirabegron exacerbates atherosclerosis through activation of brown fat-mediated lipolysis. Proc. Natl.
Acad. Sci. USA 2019, 116, 10937-10942. [CrossRef]

111. Dong, M.; Yang, X.; Lim, S.; Cao, Z.; Honek, J.; Lu, H.; Zhang, C.; Seki, T.; Hosaka, K.; Wahlberg, E.; et al. Cold
exposure promotes atherosclerotic plaque growth and instability via UCP1-dependent lipolysis. Cell Metab.
2013, 18, 118-129. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1073/pnas.1901655116
http://dx.doi.org/10.1016/j.cmet.2013.06.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Beige Adipocyte Formation: Different Players 
	Beige Adipocyte Plasticity: Ucp1+ vs. Ucp1+-Lineage 
	HDAC4 Signaling in Ucp1--Lineage White Adipocytes Controls Ucp1+-Lineage Beige Adipocyte Plasticity Non-Cell Autonomously 
	Beige Adipocytes in Metabolic Diseases 
	Conclusions and Future Perspectives 
	References

